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Abstract 
 
The synthetic modification of two-dimensional (2D) layered materials as well as its chemical 
production represents an attractive challenge which is driven by their potential applications. 
Synthetic modification can tailor the physical and chemical properties by introducing or 
changing the functionality into the materials, hence improve their processability and 
performance of practical applications. The development of chemical modification for 2D 
layered materials has generally lagged way behind compared with other 1D and 3D analogues. 
Therefore, synthetic modification of 2D layered materials can be considered as a challenge for 
synthetic chemists.  
The focus of the thesis is on the synthesis and modification of 2D layered materials, which 
allow to enhance processability for practical applications. Before discussing my Ph.D. studies, 
I give a brief overview of progress on the development of 2D layered materials. Studies of this 
thesis is mainly divided into two kinds of materials; graphene and covalent organic framework 
(COF). In the first half of this thesis, I discuss postsynthetic modification of graphite into 
graphene nanoplatelets via solvent-free Diels-Alder reaction. The one-pot Diels-Alder reaction 
of pristine graphite enables to functionalize dienophiles at the edge of graphite, which facilitate 
to delaminate into graphene nanoplatelets by dispersing them into common organic solvent. 
The second half of this thesis focuses on synthesis and presynthetic modification of COFs. 
Firstly, I describe the presynthetic modification of imine-linked COF with high crystallinity 
and porosity. To improve the reactivity of COF, I designed small-pore crystalline COF using 
specific triamine building block including hydroxy groups. The resultant imine-linked COF 
showed high crystallinity and microporosity, and it exhibited high thermal stability. Secondly, 
I explore synthesis of imide-linked COF. Because of the irreversible second step imidization, 
the imide-linked COF shows high thermal and chemical stability along with the 1D polyimide 
analogues. The last part of this thesis, I briefly summarize my Ph.D. studies. 
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Figure 1.1 | Structure of two-dimensional (2D) layered materials. Selected examples for diverse 
assembly of building blocks for construction of 2D layered materials ranging from the inorganic, 
organic and hybrid chemical architectures. Reproduced with permission from ref.4 Copyright 2013 
The Royal Society of Chemistry 
Figure 1.2 | Mother of all graphitic forms. a, Graphene is a 2D building block for carbon materials 
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or 
stacked into 3D graphite. Reproduced with permission from ref.3 Copyright 2007 Nature Publishing 
Group. b, Optical microscopy images of the sample before deposition of the electrode. Three regions 
with different optical densities can be identified: I, single-layer graphene; II, multilayer graphene; 
and III, the silicon-dioxide-coated substrate. c, STM topographic images from a single layer of 
graphene (region I of Figure 1.2b). Reproduced with permission from ref.13 Copyright 2007 The 
National Academy of Sciences of the USA 
Figure 1.3 | Topology diagrams for designing 2D COFs. Topology diagrams represent the polygon 
skeletons of covalent organic frameworks (COFs), which can be realized by assembling rigid 
building blocks as vertices and edges. The COF shapes that have been developed thus far include 
hexagonal, tetragonal, rhombic, kagome and trigonal structures, and the building blocks can be 
classified as C2-, C3-, C4- and C6-symmetric units based on the directional symmetry of the reactive 
groups. Reproduced with permission from ref.21 Copyright 2016 Nature Publishing Group. 
Figure 1.4 | Chemical structure of classic COFs. a-d, Schematic representation of COFs with different 
linkages: (a) Boron-containing COF (COF-5). (b) Imine-linked COFs (TPB-TP-COF). (c) Imide-
linked COF (PI-COF-1). (d) Hydrazone-linked COF (COF-42). 
Figure 1.5 | Methods of 2D layered materials. a, b, Schematic representation of (a) top-down and (b) 
bottom-up approaches. c, Illustration of methods for production of 2D layered materials. Various 
methods allow a wide choice in terms of size, quality, and price for specific applications. 
Figure 1.6 | Fabrication of graphene by mechanical exfoliation technique. a, Schematic 
representation of mechanical exfoliation. In a typical process, the bulk crystal (e.g., graphite) is first 
attached to the Scotch tape and then peeled it off by folding the tape right next to the flake. This 
process can be repeated several times to cleave a thin flake. The freshly cleaved thin flake on the 
Scotch tape is then attached to a clean, flat target surface (e.g., SiO2/Si), and rubbed using tools such 
as plastic tweezers to further cleave it. Finally, single- or few-layers of nanosheets left over on the 
substrate can be obtained by peeling off the Scotch tape. Reproduced with permission from ref.26 
Copyright 2015 The Royal Society of Chemistry. b, Optical micrograph of ME flake, consisting of 
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regions of different thickness.  Reproduced with permission from ref.17 Copyright 2012 Elsevier Ltd. 
Figure 1.7 | Schematic illustration of liquid-phase exfoliation of graphite into graphene. Reproduced 
with permission from ref.30 Copyright 2014 The Royal Society of Chemistry. 
Figure 1.8 | Formation of graphene oxide (GO) and reduced graphene oxide (rGO) a, Schematic 
illustration of GO and reduced GO (rGO), starting from graphite in sulfuric acid with potassium 
permanganate as the oxidant. b, Structural model of GO. c, HRTEM image of GO displaying the 
preserved regions (green) of graphene (1–2 nm), holes (blue), and heavily oxidized regions (red).  
Reproduced with permission from ref.18 Copyright 2014 Wiley-VCH Verlag GmbH & Co. 
Figure 1.9 | Schematic illustration of CVD. In a typical process, the preselected substrates are put in 
a furnace chamber, and one or more gas/vapor precursors are pass through the chamber, in which the 
precursors can react and/or decompose on the surface of substrates. For growth of graphene, metal 
substrate works as a catalyst to lower the energy barrier of the reaction. a, Schematic of MoS2 layer 
deposited by two-step thermolysis. b, CVD of ultrathin TMDs by vaporization and decomposition of 
metal and chalcogen precursors in solid forms. c, Optical micrograph and atomic force microscopic 
images of the MoS2 triangular nanosheets. Reproduced with permission from ref.10 Copyright 2013 
Nature Publishing Group. 
Figure 1.10 | Simple energy landscape illustrating the choice between the thermodynamically 
(black line) and kinetically (red line) controlled products. C is the thermodynamically favored 
product and D is the kinetically favored one. Reproduced with permission from ref.47 Copyright 2015 
Wiley-VCH Verlag GmbH & Co. 
Figure 1.11 | Gas/liquid interfacial synthesis and microscopic observations of few-layer 
graphdiyne. a, Schematic illustration of the gas/liquid interfacial synthesis and transfer process. b, 
TEM micrograph on an elastic carbon grid. c, AFM topographic image on HMDS/Si(100) and its 
cross-sectional analysis along the blue line. d, 2D GIWAXS pattern on Si(100). e, Horizontal (blue) 
and diagonal (orange) plots from the 2D GIWAXS pattern shown in panel d. Numerical values denote 
Miller indices. Reproduced with permission from ref.54 Copyright 2017 American Chemical Society. 
Figure 1.12 | Overview of the crystal-to-crystal photopolymerization. a, Chemical structure of the 
monomer fantrip (left) and the corresponding 2DP, poly(fantrip) (right). b, Single crystal of the 
fantrip monomer before and after irradiation (223 K, 460 nm, 80 min). c, Single crystal of the fantrip 
monomer before and after irradiation (223 K, 460 nm, 150 min) followed by a second irradiation 
(223 K, 400 nm, 70 min). d, X-ray crystal structures of the fantrip monomer, fantrip dimer and 
poly(fantrip). The monomer and polymer structures correspond to the crystals shown in c and the 
dimer corresponds to the crystal shown in b. Reproduced with permission from ref.56 Copyright 2014 
Nature Publishing Group. 
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Figure 1.13 | Chemical exfoliation of N-hexylmaleimide-functionalized CONs. a, Schematic 
representation of the exfoliation process. b, Experimental PXRD patterns of DaTp and DaTp-CONs 
and simulated PXRD pattern of DaTp in eclipsed mode. c, SEM image (5 µm) of DaTp. Inset in c: 
TEM image (100 nm) of DaTp. d, SEM image (5 µm) of DaTp-CONs. Inset in d: TEM image (100 
nm) of DaTp-CONs. Reproduced with permission from ref.62 Copyright 2016 Wiley-VCH Verlag 
GmbH & Co. 
Figure 2.1 | Solvent‑free Diels‑Alder reaction of graphite into graphene nanoplatelets via 
mechanochemical approach. a, Schematic representation of the mechanochemically driven 
solid‑state Diels‑Alder reaction between in situ generated active carbon species by ball milling in the 
presence of a specific dienophile, maleic anhydride (MA) or maleimide (MI). Active carbon species 
along the broken edges would more efficiently promote [4 + 2] cycloaddition, and the remnant should 
be terminated by subsequent exposure to air moisture, forming oxygenated groups. The anhydride 
moieties at the edges of MA‑GnPs could be hydrolyzed into carboxylic acids during acid-mediated 
work-up procedures. b-d, SEM images: (b) pristine graphite; (c) MA‑GnPs; (d) MI‑GnPs. The 
morphologies of MA‑GnPs and MI‑GnPs show more fluffy than pristine graphite, indicating that the 
graphitic layer could be delaminated into a graphene nanoplatelets without solvent system. Scale bars 
are 1 µm. 
Figure 2.2 | Synthetic mechanism of the EFGnPs. Proposed mechanism for the edge‑selective 
functionalization of graphite by mechanochemical cracking of graphitic C‒C bonds in the presence 
of maleic anhydride (MA) or maleimide (MI) to yield: a, MA‑GnPs; b, MI‑GnPs, respectively. The 
graphitic structure is simplified and idealized for clarity. 
Figure 2.3 | Energy dispersive spectrometer (EDS) of pristine graphite, MA‑GnPs and MI‑GnPs. 
SEM images and their corresponding carbon, oxygen and nitrogen mappings in that order: Scale bars 
are 1 μm. Nitrogen was only observed in MI‑GnPs. 
Figure 2.4 | TGA thermograms of MA‑GnPs and MI‑GnPs. The samples were heated at 10 °C min-
1 in a, air; b, nitrogen. 
Figure 2.5 | Structural characterization of MA‑GnPs and MI‑GnPs. a, Full FT-IR spectra (KBr 
pellets) (left); magnification of the fingerprint region between 1650 cm−1 and 1950 cm−1 showing the 
signals of the characteristic C=O stretching vibration (middle); magnification of the fingerprint 
region between 1300 cm−1 and 1470 cm−1 showing the signals of the characteristic C‒N stretching 
vibration (right). b, XPS survey spectra. Inset: high-resolution XPS N 1s spectrum of MI‑GnPs. c, 
schematic representation of the edge moieties of MA‑GnPs (left) and MI‑GnPs (right) after acid-
mediated work-up procedures. Anhydride groups on MA‑GnPs are prone to hydrolyze into 
carboxylic acid groups because of the water. However, the maleimide rings on MI‑GnPs remain intact. 
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Imide groups tend to hydrolyze into amic acid groups at basic media. 
Figure 2.6 | High resolution XPS spectra. a, C 1s spectra of pristine graphite, MA‑GnPs and MI‑GnPs. 
b, O 1s spectra of pristine graphite, MA‑GnPs and MI‑GnPs. 
Figure 2.7 | Raman spectra obtained by a focused laser: a, edge area and b, basal area. 
Figure 2.8 | Dispersibility of MA‑GnPs and MI‑GnPs. a, b, Photographs of sample dispersion in 
ethanol after 3 months standing under normal laboratory conditions: (a) MA‑GnPs and (b) MI‑GnPs. 
Concentration is 0.3 mg ml−1. c, d, Photographs of sample dispersion in water after 3 months standing 
under normal laboratory conditions: (c) MA‑GnPs and (d) MI‑GnPs. Concentration is 0.3 mg ml−1. 
e, f, Contact angle images of samples: (e) MA‑GnPs and (f) MI‑GnPs. 
Figure 2.9 | Photographs of EFGnPs dispersed solution in various solvents after 3 months standing 
on bench top in a normal laboratory conditions: a, MA‑GnPs; b, MI‑GnPs: (1) DI-water; (2) 
methanol; (3) ethanol; (4) acetone; (5) dimethylformamide; (6) 1-methyl-2-pyrrolidone; (7) toluene; 
(8) 1,2-dichlorobenzene; (9) hexane; (10) dichloromethane. Concentrations are 0.3 mg ml−1. 
Figure 3.1 | Morphologies of functionalized graphene nanosheets. a‑c, SEM images: (a) pristine 
graphite, (b) MAG, and (c) MIG. Scale bars are 1 µm. Insets in each case are photographs of the 
sample dispersion in NMP after standing for 1 month under normal laboratory conditions. The 
concentration is 0.5 mg ml−1. d‑f, HR‑TEM images: (d) pristine graphite, (e) MAG, and (f) MIG. 
Scale bars are 5 nm. Insets are SAED patterns of each respective sample. 
Figure 3.2 | Microscopy images of functionalized graphene nanosheets. a‑c, Low‑ magnification 
SEM image: (a) pristine graphite, (b) MAG, and (c) MIG. Scale bars are 2 μm. d‑f, 
Low‑magnification HR‑TEM images: (d) pristine graphite, (e) MAG, and (f) MIG. Scale bars are 
100 nm. 
Figure 3.3 | TGA thermograms obtained from the heating rate of 10 °C min−1 in air. Inset is magnified 
thermograms range from 100 to 600 °C. 
Figure 3.4 | Raman spectra obtained by a focused laser. 
Figure 3.5 | Structural characterization of MAG and MIG. a, Full FT‑IR spectra (KBr pellets) (left); 
magnification of the fingerprint region between 1650 cm−1 and 1950 cm−1 showing the signals of the 
characteristic C=O stretching vibration (middle); magnification of the fingerprint region between 
1300 cm−1 and 1470 cm−1 showing the signals of the characteristic C‒N stretching vibration (right). 
b, XPS survey spectra. Inset: high‑resolution XPS N 1s spectrum of MIG. c, schematic representation 
of the edge moieties of MAG (left) and MIG (right) after work‑up procedures. Anhydride groups on 
MAG are prone to hydrolyze into carboxylic acid groups because of the small amount of water in 
THF. However, the maleimide rings on MIG remain intact. Imide groups tend to hydrolyze into amic 
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acid groups at basic media. 
Figure 3.6 | High resolution XPS spectra. a, C 1s spectra of pristine graphite, MAG and MIG. b, O 
1s spectra of pristine graphite, MAG and MIG. 
Figure 4.1 | Optimization of imine-linked COF. a, FT-IR spectra of TATHB-TPA-imine synthesized 
at different solvent ratio. b, PXRD pattern of TATHB-TPA-imine synthesized at different solvent 
ratio. c, Nitrogen sorption isotherms of TATHB-TPA-imine. Solid and open circles represent the 
adsorption and desorption branches, respectively. 
Figure 4.2 | PXRD pattern of imine-linked COF. a, Experimental (black line), Pawley-refined PXRD 
pattern (orange line), Bragg position (green dot), the difference plot (olive line), simulated with the 
AA-staking model (red line) and AB-stacking model (blue line). b, Simulated unit cell structure of 
the AA-stacking mode (C, grey; N, blue; O, red; H, white). c, Simulated unit cell structure of the AB-
stacking mode (C, grey; N, blue; O, red; H, white; cyan, a further layer). 
Figure 4.3 | FT-IR spectra of imine-linked COF. 
Figure 4.4 | Morphologies of imine-linked COF. a-c, SEM images of TATHB-TPA-imine. d-f, 
Magnified SEM images of (a-c). 
Figure 4.5 | TGA thermograms of TATHB-TPA-imine. The samples were heated at 10 °C in a 
constant flow of nitrogen. 
Figure 4.6 | Porosity of imine-linked COF. a, Nitrogen sorption isotherms of TATHB-TPA-imine. 
Solid and open circles represent the adsorption and desorption branches, respectively. Inset is 
corresponding pore size distribution of TATHB-TPA-imine from fitting the NLDFT model to the 
adsorption data. b, Simulated BET surface area plot of TATHB-TPA-imine at 77 K using nitrogen as 
adsorbate. c, Nitrogen isotherm measured at 77 K used for NLDFT modeling and pore size 
distribution calculations. The calculated NLDFT isotherm (cylindrical pore model) is overlaid as 
open square and fitting error indicated. 
Figure 5.1 | Optimization of imide-linked COF. a, FT-IR spectra of TBT-PMDA-COF synthesized at 
different solvent ratio. b, PXRD pattern of TBT-PMDA-COF synthesized at different solvent ratio. 
Figure 5.2 | FT-IR spectra of imide-linked COF. Full FT-IR spectra (KBr pellets) (left); magnification 
of the fingerprint region between 1100 cm−1 and 1950 cm−1 showing the signals of the characteristic 
C=O stretching vibration and C‒N-C stretching vibration (right). 
Figure 5.3 | Morphologies of imide-linked COF. a-c, SEM images of TBT-PMDA-COF. Scale bars 
are 5 μm. d-f, Magnification of SEM images. Scale bars are 1 μm. 
Figure 5.4 | TGA thermograms of TBT-PMDA-COF. The samples were heated at 10 °C min−1 in a 
 x 
constant flow of nitrogen. 
Figure 5.5 | PXRD pattern of imide-linked COF. a, Experimental (black line), Pawley-refined PXRD 
pattern (orange line), Bragg position (green dot), the difference plot (olive line), simulated with the 
AA-staking model (red line) and AB-stacking model (blue line). b, Simulated unit cell structure of 
the AA-stacking mode (C, grey; N, blue; O, red; S, yellow; H, white). c, Simulated unit cell structure 
of the AB-stacking mode (C, grey; N, blue; O, red; S, yellow; H, white; cyan, a further layer). 
Figure 5.6 | Porosity of imide-linked COF. a, Nitrogen sorption isotherms of TBT-PMDA-COF. Solid 
and open circles represent the adsorption and desorption branches, respectively. Inset is 
corresponding pore size distribution of TBT-PMDA-COF from fitting the NLDFT model to the 
adsorption data. b, Simulated BET surface area plot of TBT-PMDA-COF at 77 K using nitrogen as 
adsorbate. c, Nitrogen isotherm measured at 77 K used for NLDFT modeling and pore size 
distribution calculations. The calculated NLDFT isotherm (cylindrical pore model) is overlaid as 
open square and fitting error indicated. 
Figure 5.7 | Chemical stability of imide-linked COF. a,b, (a) PXRD patterns and (b) Full IR spectra 
showing retention of crystallinity of TBT-PMDA-COF after treatment for 24 h in different chemical 
conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xi 
List of schemes 
Scheme 3.1 | Schematic representation of the solvent‑free Diels‑Alder reaction of graphite in the 
presence of a specific dienophile, maleic anhydride (MA) or maleimide (MI). Each dienophile 
can act both as a solvent as well as a reactant at an appropriated temperature. The red spheres denote 
the oxygen. 
Scheme 4.1 | Schematic illustration of synthetic route for 1,3,5-triamino-2,4,6-benzenetriol 
trihydrochloride (TATHB) 
Scheme 4.2 | Schematic illustration of synthetic route for 2,4,6-tris(((E)-benzylidene)amino)benzene-
1,3,5-triol 
Scheme 4.3 | Schematic illustration of synthetic route form 2,2'-diphenol(((1E,1'E)-1,4 
phenylenebis(methanylylidene))bis (azanylylidene)) 
Scheme 4.4 | Strategy for preparing imine-linked COF. a, Schematic representation of the synthesis 
of the crystalline porous imine-linked COF (TATHB-TPA-imine) with extended triangular triamine 
and extended linear dialdehyde. b, Space filling diagram of TATHB-TPA-imine. Carbon, nitrogen, 
oxygen and hydrogen atoms are represented as grey, blue, red and white spheres, respectively. 
Scheme 5.1 | Schematic illustration of synthetic route for 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-
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Chapter 1 INTRODUCTION 
Two-dimensional (2D) layered materials refer to a class of materials that possess sheet-like structures, 
in which the atoms are connected by covalent or ionic bonds along 2D (in-plane) directions to form 
atomically thin layers, while the layers are bonded together by weak van der Waals interactions along 
the three-dimensional (out-of-plane) direction. Such weak van der Waals interactions between adjacent 
layers make it possible to cleave the layered materials into individual few- or single- layers via 
micromechanical cleavage or liquid phase exfoliation methods. While these layered structures can exist 
in nature in the form of graphite or molybdenum disulfide, atomically thin 2D materials thought not to 
exist. Indeed, it was long believed that atomically thin 2D materials were thermodynamically unstable 
at any finite temperature, since thermal lattice fluctuations would be as large as the force binding the 
atoms together, causing the structure to fall apart.2,3 The original discoveries in 2004 has shown that the 
existence of graphene in room temperature, hence booming a considerable number of studies. Graphene 
is the firstly reported 2D materials that has plenty of unprecedented electronic, physical, optical and 
thermal properties. For these reasons it holes potential to impact future emerging technologies. However, 
graphene itself possesses zero band gap, which is undesirable for high performance semiconductors that 
require bandgap.3 That limitation inspired us to explore other 2D layered materials that possess versatile 
properties via micromechanical cleavage technique, such as transition metal dichalcogenides (TMDs), 
hexagonal boron nitrides (h-BN). Similar to graphene, these one atom thick materials exhibit a wide 
range of unique electrical, optical and mechanical properties that can never be seen in their three-
dimensional (3D) bulk counterparts due to the dimensionality confinement effect.1 Promising research 
on 2D layered materials further enriched the exploration of 2D family members composed of organic 
materials, such as covalent organic frameworks (COFs) and polymer derivatives.4,5 (Figure 1.1)   
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Figure 1.1 | Structure of two-dimensional (2D) layered materials. Selected examples for diverse 
assembly of building blocks for construction of 2D layered materials ranging from the inorganic, 
organic and hybrid chemical architectures. Reproduced with permission from ref.4 Copyright 2013 The 
Royal Society of Chemistry 
 
The unique properties of 2D layered materials strongly rely on their composition and number of 
layers due to the quantum confinement effects in the out-of-plane direction.1 For example, the band 
structure of graphene changes with the number of layers as well as their stacking sequence. That 
phenomenon greatly stimulates the development of new synthetic routes to prepare 2D layered materials. 
So far, various methods such as the micromechanical cleavage, liquid-phase exfoliation, chemical vapor 
deposition (CVD) and wet-chemical syntheses have been reported and all the methods are categorized 
into two main strategies. One is top-down approaches, including exfoliation of layered bulk structures 
into individual 2D materials. Another is bottom-up approaches, based on chemical reaction of properly 
designed molecular building blocks to form 2D covalent network.5,6 These well-known techniques have 
allowed the field of 2D layered materials to grow rapidly. The properties and quality of materials depend 
on the synthetic methods, which have a decisive effect on the performance of applications that can 
utilize it. Therefore, it is crucial to understand comprehensive study of synthetic methods to prepare 
high quality of 2D layered materials with large quantities. Given their unique structural and outstanding 
properties as well as promising applications, 2D layered materials have now became one of the hottest 
research topics in condensed matter physics, material science, chemistry, and nanotechnology.5,7 In this 
chapter, I give an overview for development of various 2D layered materials via different synthetic 
methods and modification of these materials for potential applications. I briefly start to highlight the 
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unique advantage of 2D layered materials. After that I summarize the types of 2D layered materials 
which related to my Ph.D. studies. Typical synthetic methods for preparation of 2D layered materials 
are then discussed in detail. Further, I introduce synthetic modification of 2D layered materials, which 
point out postsynthetic modification related to my Ph.D. studies. Finally, I provide a research overview 
and objective of this thesis. 
 
1.1 Family of 2D layered materials 
1.1.1 Introduction of 2D layered materials 
To date, new types of 2D layered materials have been explored in recent years, enriching the family of 
2D layered materials. Even though the composition and crystal structures of 2D layered materials are 
different from each other, they all can be categorized into two forms: layered crystals and monolayer 
materials. For layered materials, the in-plane atoms or molecules are connected by periodic bonding in 
two orthogonal directions, while these layers are stacked together through the weak van der Waals 
interaction to form bulk crystals. Graphite is a typical example of layered crystals in which graphene 
layers are weakly stacked together, forming the bulk graphite crystal. In addition to graphite, many 
other layered crystals are introduced, such as h-BN, TMDs, g-C3N4 and transition metal oxides 
(TMOs).8 Their weak bonding nature give them to be delaminated into 2D nanosheets via top-down 
approaches, such as micromechanical cleavage and liquid-phase exfoliation. In addition, other 2D 
layered materials can crystallize into layered structure via atomic or chemical bonding, especially for 
metal oxides, metal chalcogenides, and polymers.9,10 In this section, I mainly introduce the carbon-
based 2D layered materials based on the composition and crystal phase in detail. 
 
1.1.2 Graphene 
Graphene is one of the most famous two-dimensional carbon allotropes. It is composed of single-atom-
thick sheet of sp2-hybridized carbon atoms arrayed in a honeycomb patterns.11 The fully conjugated π-
electron systems in graphene can be considered as the basic building block of other allotropes.12 (Figure 
1.2) The hexagonally arranged carbon network give rise to some extraordinary thermal, mechanical, 
and electronic properties, which have influenced on exploring many other 2D materials. 
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Figure 1.2 | Mother of all graphitic forms. a, Graphene is a 2D building block for carbon materials 
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or 
stacked into 3D graphite. Reproduced with permission from ref.3 Copyright 2007 Nature Publishing 
Group. b, Optical microscopy images of the sample before deposition of the electrode. Three regions 
with different optical densities can be identified: I, single-layer graphene; II, multilayer graphene; and 
III, the silicon-dioxide-coated substrate. c, STM topographic images from a single layer of graphene 
(region I of Figure 1.2b). Reproduced with permission from ref.13 Copyright 2007 The National 
Academy of Sciences of the USA 
 
Studies for exfoliation of layered compound to produce thin materials have been conducted by 
several groups. They have tried to exfoliate graphite by using an atomic force microscopy (AFM) tip, 
which possess at least 30 layers of graphite.11 While these elegant methods produced 2D layered 
materials, Geim and co-workers firstly isolate graphene from graphite in 2004 by using Scotch tape, 
currently classified as the mechanochemical cleavage method.14 This led to an explosion of interest 
especially in physics, because two-dimensional crystals were thought to be thermodynamically unstable 
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at finite temperatures.2,3 The experimental isolation of single-layer graphene enabled us to observe some 
unique properties including ambipolar field effect, the quantum Hall effect at room temperature and 
extremely high carrier mobility (~200,000 cm2V−1s−1). Graphene also exhibits other superior 
mechanical, optical, and thermal properties, such as high Young’s modulus (~1 TPa), large specific 
surface area (2630 m2g−1), high transparency (~97.7%), and high thermal conductivity (above 3,000 W 
m−1K−1).15 These unprecedented properties make graphene a promising candidate for a large variety of 
potential applications including electronics/optoelectronics (high-frequency transistors, solar cells, 
light-emitting devices, transparent electronics, photodetectors), energy-related devices (capacitors, fuel 
cells, batteries), catalysis, sensors and biomedical applications.16 The market of graphene applications 
has required for progress in mass production of graphene with high quality for the specific application. 
Currently, a variety of synthetic methods have been developed to prepare graphene with various 
dimensions, shapes and quality. The commonly applied methods include the micromechanical 
exfoliation of graphite, liquid-phase exfoliation of graphite, chemical vapor deposition (CVD) growth, 
and chemical or thermal reduction of graphene oxide (GO).17 Each production methods strongly affects 
the quality of graphene. For example, reduced graphene oxide (rGO) made by thermal or chemical 
reduction of GO has some hole defects and a minor number of functional groups. Therefore, it is suitable 
for use in composite materials, conductive paints.18 Despite having outstanding properties for potential 
applications, it is worth mentioning that graphene itself possesses zero band gap as well as chemical 
inertness, which limits its applicability in the field of semiconductors. Covalent modification of 
graphene can address this issue. However, the process is highly aggressive and have resulted in 
uncontrollable functionalization that lower the intrinsic properties.19 This quandary has led many 
researchers to explore other 2D materials possess similar layered structure such as TMDs, graphitic 
carbon nitrides (g-C3N4) and so on. 
 
1.1.3 Covalent organic frameworks (COF) and 2D polymer  
COFs are a class of 2D polymer that are obtained as microcrystalline powders whose backbone is 
composed of light elements, such as B, C, N, O. COFs are made by combination of molecular building 
blocks covalently linked into extended structures, based on reticular chemistry.20  
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Figure 1.3 | Topology diagrams for designing 2D COFs. Topology diagrams represent the polygon 
skeletons of covalent organic frameworks (COFs), which can be realized by assembling rigid building 
blocks as vertices and edges. The COF shapes that have been developed thus far include hexagonal, 
tetragonal, rhombic, kagome and trigonal structures, and the building blocks can be classified as C2-, 
C3-, C4- and C6-symmetric units based on the directional symmetry of the reactive groups. Reproduced 
with permission from ref.21 Copyright 2016 Nature Publishing Group.  
 
One distinct feature of COFs is that a variety of topology is determined by the symmetry of molecular 
building blocks (Figure 1.3). For example, the combination of C3-symmetric knots and C2-symmetric 
linkers (C3 + C2) leads to the formation of hexagonal COFs, which is the typical topology of the 2D 
COFs. Given a few examples of the topological diagram described by Figure 1.3, various types of COFs 
with desired pores and shapes can be designed.21 Generally, the polymeric materials can be readily 
synthesized by the linkage of the molecular building blocks with covalent bond. However, the formation 
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of these materials is dominated by kinetically controlled reaction, yielded disordered materials. In order 
to achieve an ordered structure, the connection of molecular building blocks should be progressed under 
thermodynamic controlled reaction, which known as dynamic covalent chemistry (DCC). DCC 
involves reversible bonding processes that the formation of products is in continuous equilibrium with 
“error-checking” and “proof-reading” characteristics. This process allows to form the most 
thermodynamically stable structures. Consequently, crystalline COFs would finally be produced with 
high thermodynamic stability.22,23  
 
 
Figure 1.4 | Chemical structure of classic COFs. a-d, Schematic representation of COFs with different 
linkages: (a) Boron-containing COF (COF-5). (b) Imine-linked COFs (TPB-TP-COF). (c) Imide-linked 
COF (PI-COF-1). (d) Hydrazone-linked COF (COF-42). 
 
The pioneering first work on COFs was reported in 2005 by the Yaghi group. The earliest documented 
COFs were synthesized by the self-condensation of boronic acids to produce boroxine anhydride-based 
linkages in the form of B3O3 rings and formation of boronate esters.24 Apart from the aforementioned 
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boron-comprising COFs, other COFs, such as imine-linked COFs, hydrazone-linked COFs and imide-
linked COFs were also reported in the past few years.25(Figure 1.4) 2D COFs normally crystallize into 
randomly oriented, microcrystalline and layered structure. The organic units are linked into 2D atomic 
layers by covalent bond to form a single-layer COF nanosheets. Individual layers stack via π–π 
interactions to crystallize layered structures with periodically aligned channels parallel to the stacking 
direction. Therefore, strategies for synthesis of single-layered COFs are required to understand the 
unique properties of COFs caused by single-layered 2D orientation.    
 
1.2 Synthetic methods of 2D layered material 
The ability of the creation of synthetic 2D layered materials with desired composition, size, thickness, 
topology, defect is the major motive power for the development of various synthetic methods. By 
applying different methods for synthesis of 2D layered materials, different physical, chemical, 
electronic, and optical properties might be exhibited, and further, it has an influence on various potential 
application. For example, the value of physical properties of graphene, i.e. mobility or optical 
absorption coefficient, can be changed according to synthetic methods.15 
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Figure 1.5 | Methods of 2D layered materials. a, b, Schematic representation of (a) top-down and (b) 
bottom-up approaches. c, Illustration of methods for production of 2D layered materials. Various 
methods allow a wide choice in terms of size, quality, and price for specific applications. 
 
The well‑established synthetic methods include the mechanical exfoliation, liquid-phase exfoliation, 
chemical vapor deposition (CVD), and wet‑chemical syntheses. These methods can be classified into 
two categories: top‑down and bottom‑up approaches.5,6(Figure 1.5) The major top‑down approaches 
such mechanical exfoliation and liquid exfoliation, include the delamination of thin layered 2D crystals 
from their parent layered bulk crystals. Note that the top‑down approaches are only correspond to those 
materials whose bulk crystals are layered compounds like graphite and layered transition metal 
dichalcogenides (TMDs) etc. Generally, these methods can produce 2D layered materials with high 
quality sheets, yet in limited quantities. On the other hand, CVD growth and wet‑chemical synthesis 
belong to the bottom‑up approaches, which are based on chemical reactions of certain precursors at 
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given experimental conditions. Most of the bottom-up approaches carry out in liquid media, which lead 
to producing limited grain size, since macromolecules become less soluble with increasing domain size, 
and subject to side reaction with increasing molecular weight. The growth on (catalytically active) solid 
surfaces makes it possible to avoid these issues.6 Substrate-based growth can be accomplished by CVD, 
which based on the ability to proceed a narrow thermodynamic path. All types of 2D layered materials 
can be obtainable by bottom‑up approaches because the precursors are limited to top-down approaches. 
Therefore, bottom-up approaches are more versatile in principle. In this section, I focus on the 
introduction of various well developed synthetic methods to produce 2D layered materials. The 
advances and limitations of each method are discussed along with addition of personal insights.  
 
1.2.1 Mechanical exfoliation 
The mechanical exfoliation (ME) technique is a prevalent method for scientists to fabricate thin sheets 
by splitting of layered bulk crystals, using Scotch tape.26 In principle, the van der Waals interaction 
between the layers of bulk crystals is weaken by applying mechanical force via Scotch tape, hence the 
bulk crystals peel off single- or few-layers of 2D materials without breaking the in-plane covalent bonds 
of each layer.(Figure 1.6) In fact, it has been used for decades by material scientists whose are studying 
crystallography. In 1999, Lu et al. reported a controlled method of cleaving graphite, yielding films 
consisting of a few layers of graphene.27 They also suggested that “more extensive rubbing of the 
graphite surface against other flat surfaces might be a way to get multiple or even single atomic layers 
of graphite plates.” This was then firstly demonstrated in 2004, obtaining single layer graphene (SLG) 
using an Scotch tape by Novoselov, Geim, and co-workers,14 as illustrated in Figure 1.6b. Later, the 
same group reported the extension of this technique to demonstrate the presence of other 2D materials, 
including h-BN, MoS2 and NbSe2, from their parent layered bulk crystals. Since then, MC has been 
widely used to exfoliate various 2D materials with varying layered bulk crystals by many other groups.28 
 
 
Figure 1.6 | Fabrication of graphene by mechanical exfoliation technique. a, Schematic 
representation of mechanical exfoliation. In a typical process, the bulk crystal (e.g., graphite) is first 
attached to the Scotch tape and then peeled it off by folding the tape right next to the flake. This process 
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can be repeated several times to cleave a thin flake. The freshly cleaved thin flake on the Scotch tape is 
then attached to a clean, flat target surface (e.g., SiO2/Si), and rubbed using tools such as plastic tweezers 
to further cleave it. Finally, single- or few-layers of nanosheets left over on the substrate can be obtained 
by peeling off the Scotch tape. Reproduced with permission from ref.26 Copyright 2015 The Royal 
Society of Chemistry. b, Optical micrograph of ME flake, consisting of regions of different thickness.  
Reproduced with permission from ref.17 Copyright 2012 Elsevier Ltd. 
 
The sizes of the flakes produced by ME (ME flakes) are approximately a few to tens of micrometers. 
(Figure 1.6b) Above all, ME flakes have very clean surface because no other chemicals or physical 
powers were introduced onto the surface during the exfoliation process. The relatively large grain size, 
clean surface, and excellent crystal quality make the ME flakes compelling candidates for the 
fundamental study of the intrinsic physical and electronic properties, as well as the demonstration of 
high performance electronic devices.26  
It is believed that new types of 2D layered materials whose bulk crystals are layered compounds will 
be produced in this manner. This approach is still the best technique to fabricate 2D layered materials 
with perfect crystal quality from their layered bulk crystals by nondestructive method. However, there 
are still several disadvantages that restrict its practical application. First, the production yield of this 
technique is quite low, and thick flakes remain on the substrate along with the single- or few-layer 
nanosheets. Second, the production rate is rather slow. Both the low yield and the slow production rate 
make it difficult to fulfill the demands for various practical applications, high yield and large-scale 
production. Third, the size, the thickness, and the shape of the ME flakes are difficult to control because 
the exfoliation process is operated manually by hands, which lack the precision, controllability, or 
repeatability.5 Although ME is impractical for large scale applications, it is still the method of choice 
for fundamental studies. Indeed, most of the basic results and prototype devices were achieved using 
ME flakes. Thus, ME remains ideal to investigate both new physics and new device concepts. 
 
1.2.2 Liquid-phase exfoliation 
Layered bulk crystals could also be exfoliated into 2D layered materials in liquid phase by applying 
ultrasounds to individual layers. The liquid-phase exfoliation (LPE) process generally involves three 
steps. Firstly, layered bulk crystals were dispersed in a specific solvent (e.g., N-methyl-pyrrolidone 
(NMP)) before being treated with sonication at a certain time (Figure 1.7). After sonication, the 
suspension is needed to separate nanosheets from un-exfoliated flakes via centrifugation. The basic 
concept is same as sonochemistry; ultrasound can induce liquid cavitation during sonication.29 The 
massive micrometer-sized bubbles or voids are formed, grown and collapsed in liquids due to pressure 
fluctuations. When these bubbles are collapsed, an intensive shear force will be generated on the layered 
bulk crystals, thus leading to the exfoliation of layered bulk crystals into thin layers of sheets. After 
 12 
exfoliation, the solvent–graphene interaction needs to balance the inter-sheet attractive forces. The key 
role for achieving efficient exfoliation of layered bulk crystals is minimizing the interfacial tension [mN 
m−1] between the solvents and 2D nanosheets. If the interfacial tension between layered bulk crystals 
and liquid is high, the flakes tend to agglomerate each other, result in poor dispersibility.17,30 This 
method is simple and effective, which does not need any complicated equipment and expensive 
chemicals. It paves a new way for the high-yield and large-scale production of 2D nanosheets at low-
cost in liquid phase.  
 
 
Figure 1.7 | Schematic illustration of liquid-phase exfoliation of graphite into graphene. Reproduced 
with permission from ref.30 Copyright 2014 The Royal Society of Chemistry. 
 
In 2008, Coleman’s group firstly reported this technique by demonstrating the exfoliation of graphite 
into graphene.31,32 Besides graphene, in 2011, Coleman and co-workers further extended this method 
for the exfoliation of layered bulk crystals into 2D nanosheets, including TMDs and h-BN.33,34 In 
general, solvent is important in stabilizing the exfoliated nanosheets and prohibiting their restacking 
and aggregating. However, the lateral experimental and the theoretical results suggested that the 
appropriate surface tension between the layered crystals, not only the solvents choice, also plays a key 
factor for the efficient exfoliation.  
Nowadays, the liquid-phase exfoliation has been widely utilized for exfoliation of numerous layered 
compounds into 2D nanosheets. The concentration, lateral size, in addition to thickness of the obtained 
nanosheets can be roughly tuned by controlling the sonication time, solvent system, polymers additive, 
ultrasonic power, sonication temperature, and the shape of vessels. Liquid-phase exfoliation is the 
simplest method for the high-yield and massive production of 2D layered materials in solution at low 
cost due to its facile process. Nevertheless, there are several disadvantages for the liquid-phase 
exfoliation. First, the yield of the single layer nanosheets in the exfoliation suspension is low. Most of 
the 2D flakes yield as a few-layered or multi-layered nanosheets. Technically speaking, these are hard 
 13 
to justify 2D nanosheets. As known, some of the extraordinary properties of 2D layered materials only 
can be observed in its single-layer form. Second, the lateral size of the produced nanosheets is relatively 
small because the ultrasound breaks down the big nanosheets into small fragments.5 
 
1.2.3 Liquid-phase exfoliation of graphene oxide (GO) 
For the chemistry of graphene, there is another material by analogy to graphene, known as graphene 
oxide (GO). GO is a single layer of graphite oxide. The basic idea for producing graphite oxide is to 
use strong oxidizing agents to oxidize graphite to form graphite oxide by modified Hummers’ 
method.35,36 In a typical procedure, graphite is dispersed in sulfuric acid, leading to the formation of 
sulfuric acid-graphite intercalation compound (H2SO4-GIC, graphite sulfate). The intercalation is 
accompanied by increasing in the layer distance, which results in activation of the graphite. Subsequent 
oxygenation of H2SO4-GIC occurs on both sides of the basal plane in the presence of an oxidant such 
as potassium permanganate (KMnO4). Currently, the identity of the specific oxidizing agent species 
attacking graphene layers is unclear. It was only assumed that either permanganate or in situ formed 
dimanganese heptoxide (Mn2O7) are the active oxidants.37 As a consequence, the oxidation of graphite 
can generate abundant oxygen-containing functional groups on the basal plane of each graphene layer, 
which can remarkably expand the interlayer spacing of bulk graphite and spontaneously weaken the 
van der Waals interaction between adjacent layers. The solubilization of manganese–oxo species are 
accomplished by the addition of water and hydrogen peroxide. The resultant graphite oxide is purified 
by centrifugation and re-dispersion in water or by dialysis. Delamination of graphite oxide to GO in 
water can be facilitated by sonication. (Figure 1.8a) The size of deposited GO flakes typically varies 
between 10–100 nm and up to 100 µm.18 Oxidation of graphite typically yields large amounts of GO 
nanosheets in the solution phase. However, the usage of hazardous chemicals such as strong acid or 
oxidizing agents in this process, can cause a safety and environmental problem. Moreover, it is hard to 
further extend this method to other layered materials, though it is very effective for the preparation of 
GO nanosheets. 
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Figure 1.8 | Formation of graphene oxide (GO) and reduced graphene oxide (rGO) a, Schematic 
illustration of GO and reduced GO (rGO), starting from graphite in sulfuric acid with potassium 
permanganate as the oxidant. b, Structural model of GO. c, HRTEM image of GO displaying the 
preserved regions (green) of graphene (1–2 nm), holes (blue), and heavily oxidized regions (red).  
Reproduced with permission from ref.18 Copyright 2014 Wiley-VCH Verlag GmbH & Co. 
 
One of the main feature of GO is having abundant oxygen-containing functional groups, such as 
carboxyl, epoxy, and hydroxyl groups as described in Figure 1.8b. These oxygen-containing groups on 
GO nanosheets can be partially removed after reduction from GO to rGO nanosheets. The production 
of rGO to can be achieved by various reduction strategies, such as chemical reduction via reducing 
agents, thermal annealing. The simplest way is thermal annealing, which causes disproportionation of 
GO into CO2 and graphene. Although this method is attractive due to its simplicity, perfect graphene is 
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not obtained, even at temperatures up to 1100 °C.18  
The presence of abundant functional groups on GO nanosheets allow them to be easily modified with 
organic or polymeric molecules via covalent functionalization. The physical, chemical and electrical 
properties of GO nanosheets can be easily tuned by controlling the number of functional groups on its 
surface. Although GO has high processability comparing with other 2D materials, GO is only defective 
material lowering the quality of graphene. For example, graphene has an excellent electrical 
conductivity, while GO nanosheet is electrically insulating, with sheet resistance (RS) ~ 1012 Ω sq−1, or 
higher. Even after reduction back to its rGO form, the electrical conductivity of rGO sheets is still not 
as good as those obtained from mechanical exfoliation or CVD-grown.38 Besides, GO nanosheet is 
amphiphilic and even is well dispersed in water, while graphene is highly hydrophobic. Because of their 
distinctive properties from graphene, GO and rGO were defined as graphene derivatives rather than 
graphene, although graphene has been widely used to name rGO nanosheets in many published papers.  
 
1.2.4 Chemical vapor deposition (CVD) 
CVD is a traditional technique for the preparation of high purity materials by deposing or growing thin 
films or crystals from solid, liquid or gaseous precursors of many materials. Over the past decades, 
CVD has been a breakthrough for development of graphene research as it enables to produce large-area 
and high-quality graphene. Synthesis of graphene by CVD firstly reported in 2009 by Ruoff and co-
workers, who demonstrated the growth of large-area single-layer graphene film up to 0.5 mm on copper 
foil by the CVD method by using methane and hydrogen as gas sources.39 By optimizing those 
experimental parameters such as precursors, substrates, catalysts, temperature, and atmospheres, the 
controlled growth of graphene with tunable layer number, crystallinity, and lateral size can be achieved 
on different substrates with different precursors by the CVD technique.40 Likewise, CVD can be 
extended for the growth of many other 2D nanosheets on various substrates, such as h-BN and TMDs.10 
(Figure 1.9) 
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Figure 1.9 | Schematic illustration of CVD. In a typical process, the preselected substrates are put in 
a furnace chamber, and one or more gas/vapor precursors are pass through the chamber, in which the 
precursors can react and/or decompose on the surface of substrates. For growth of graphene, metal 
substrate works as a catalyst to lower the energy barrier of the reaction. a, Schematic of MoS2 layer 
deposited by two-step thermolysis. b, CVD of ultrathin TMDs by vaporization and decomposition of 
metal and chalcogen precursors in solid forms. c, Optical micrograph and atomic force microscopic 
images of the MoS2 triangular nanosheets. Reproduced with permission from ref.10 Copyright 2013 
Nature Publishing Group. 
 
Most of the current CVD research has focused on MoS2. From now on, several approaches for 
synthesis of MoS2 has been demonstrated since 2012. The first report was a two-step thermolysis 
process; insulating substrate was dip-coated in ammonium thiomolybdates [(NH4)2MoS4] and directly 
coverted to MoS2 by annealing at 500 °C followed by sulfurization at 1,000 °C in sulfur vapor. (Figure 
1.9a)41 Another strategy for the deposition of few-layer MoS2 nanosheets was achieved by sulfurization 
of Mo metal film. Transition metal oxides and transition metal chlorides (e.g., MoO3 and MoCl5) can 
alternative for the Mo sources to produce MoS2 nanosheets by gas-phase reaction.42,43 Up to now, many 
2D nanosheets of TMDs have been grown by the CVD technique by changing experimental parameters 
including precursors, temperatures, types of substrate and reaction atmospheres.10  
The CVD yields best quality to prepare 2D materials with high crystal quality, high purity, and limited 
defects on certain substrates with scalable size and controllable thickness. Significantly, the electronic 
properties of 2D materials, such as graphene and TMDs, are quite similar to those of mechanically 
exfoliated thin layers. Furthermore, they can be produced in industry scale unlike the microchemical 
cleavage method. Therefore, it is believed that CVD is a promising method to produce 2D materials in 
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industry applications for electronics and optoelectronics. The CVD method still has some disadvantages 
at its current form. 2D materials grown by the CVD technique are always deposited on the substrates, 
needing to be transferred to other substrates for further investigation and applications. The CVD 
technique normally needs high temperature and inert atmosphere, leading to relatively high cost of 
production as compared to the solution-based methods. 
 
1.2.5 Wet-chemical syntheses 
Wet-chemical syntheses represent the synthetic approaches that rely on the chemical reactions 
conducted in solution phase. They have been considered as a class of facile and reproducible strategies 
for the preparation of 2D layered materials because of their controllability. Particularly, wet chemical 
syntheses have been widely used for preparing various non layer structured 2D materials because they 
are unable to be prepared by those top-down methods.44 In this section, I focus on the introduction of 
these typical wet-chemical protocols for the syntheses of 2D layered materials. The advances and 
limitations of each synthetic route are also discussed. 
 
1.2.5.1 Hydro/Solvothermal Synthesis 
The hydro/solvothermal synthesis is a typical wet-chemical synthesis strategy for preparing a variety of 
materials such as metals, semiconductors and polymers. The process involves the use of a solvent under 
moderate to high pressure (typically between 1 atm and 10,000 atm) and temperature (typically between 
100 °C and 1000 °C) in a sealed vessel that facilitates the interaction of precursors during synthesis. If 
water is used as the solvent, the method is called “hydrothermal synthesis.”45 When the reaction 
temperature of the closed system is heated above the boiling point of the solvent system, the pressure 
will be generated to promote the reaction and improve the crystallinity of the as-synthesized 
nanocrystals. The crystallinity of this process is controlled by manipulating the selection of the solvent, 
chemical composition of the precursors and reaction mechanism. This method has been widely used to 
prepare thermodynamically stable 2D nanomaterials that cannot be easily formed from other synthetic 
routes, i.e. inorganic materials.44 As a typical member of TMDs, the MoS2 nanosheet can also be 
synthesized by a facile hydrothermal method. Xie and co-workers reported the preparation of few-layer 
defect-rich MoS2 nanosheet with the assistance of excess thiourea.46 In addition to TMDs, a lot of 2D 
materials of covalent organic frameworks have also been synthesized by this method. Since Yaghi and 
co-workers demonstrated the synthesis of the first crystalline COF, this method has become a popular 
approach for the formation of layered organic crystals.4 Such layered crystals typically exist in bulk 
powder due to strong interlayer interactions, most commonly π–π interactions, which can limit the 
access to individual layers. 
The hydro/solvothermal synthesis is a simple and scalable method for the synthesis of 2D layered 
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materials in high yield and low cost. The hydro/solvothermal synthesis is quite sensitive to the 
experimental conditions, such as the concentration of precursors, solvent systems, used surfactants or 
polymers, and temperature, making it difficult to precisely control the structure in different batches and 
laboratories. Most of the 2D nanosheets synthesized by the hydro/solvothermal synthesis method were 
few-layer rather than single-layer. 
 
1.2.5.2 Thermodynamic and kinetic control in wet-chemical synthesis 
The crystalline or amorphous nature of a 2D layered material produced by wet-chemical synthesis 
depends on how the monomer assembly is controlled before or during reaction. Growth direction should 
be controlled by two directions, x and y, not one direction; otherwise, crosslinked, hyperbranching 
networks are obtained. Two strategies provide such control for chemical synthesis. One is 
thermodynamic control, rely on the reaction pathway moving from the initial state to the most stable 
product state. Another is kinetic control, concerned with lowering energy barriers in certain pathways.47 
 
 
Figure 1.10 | Simple energy landscape illustrating the choice between the thermodynamically 
(black line) and kinetically (red line) controlled products. C is the thermodynamically favored 
product and D is the kinetically favored one. Reproduced with permission from ref.47 Copyright 2015 
Wiley-VCH Verlag GmbH & Co. 
 
As described in Figure 1.10, the activation energy in red pathway (Eɑ′) is lower than black one (Eɑ). 
Therefore, the reaction corresponding to the kinetic pathway is significantly faster than thermodynamic 
pathway and leads to D as the main product at initial stage. That’s why most of the product made by 
wet-chemical syntheses form amorphous products with the random arrangement at the beginning of the 
reaction. On the other hand, if an equilibrium is established, the reaction will follow the thermodynamic 
pathway to form the most stable product, thus making C as the main product. It is common in wet-
chemical syntheses that amorphous products are initially obtained (kinetically favored reaction) until 
the synthetic conditions are optimized by varying the crystallization times, reaction temperatures, 
reaction solvents, and catalysts (such as acids, bases, and metal salts acting as Lewis acids, 
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thermodynamically favored reaction).47,48,49 Hence, the atoms or molecules has to connect with weak 
bond such as coordination bond or reverse bond (dynamic covalent chemistry) to form a 2D materials 
with organized assemblies. 
 
1.2.5.3 Interfacial syntheses 
Interfacial syntheses are another typical bottom-up route for the synthesis of 2D layered materials, 
especially for metal coordination polymers (CPs) and polymers. This method simply defined as the 
reaction of immiscible reactants at the interface of two liquids or gases/liquids. The confinement of two 
reactants at the interface to prepare free-standing few-layer 2D nanosheets with large lateral 
dimensions.50 The presence of the liquid/liquid interface can accelerate the reaction, or a phase-transfer 
catalyst is employed to draw the reaction in one phase of choice. Transfer of the 2D nanosheets usually 
achieved by Langmuir-Schäfer method. As an interesting example, Nishihara and co-workers reported 
the synthesis of a single-layer nickel bis(dithiolene) nanosheet at the gas/liquid interface.51,52 In their 
case, the single-layer 2D CP nanosheet was synthesized in a gas/liquid interface by spraying an ethyl 
acetate solution of benzenehexathiol onto an aqueous solution of nickel (Ⅱ) acetate. Later, Zhu and co-
worker further extended this method for the synthesis of a series of 2D CP nanosheet, copper 
bis(dithiolene) at liquid/liquid interface.53  
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Figure 1.11 | Gas/liquid interfacial synthesis and microscopic observations of few-layer 
graphdiyne. a, Schematic illustration of the gas/liquid interfacial synthesis and transfer process. b, 
TEM micrograph on an elastic carbon grid. c, AFM topographic image on HMDS/Si(100) and its cross-
sectional analysis along the blue line. d, 2D GIWAXS pattern on Si(100). e, Horizontal (blue) and 
diagonal (orange) plots from the 2D GIWAXS pattern shown in panel d. Numerical values denote Miller 
indices. Reproduced with permission from ref.54 Copyright 2017 American Chemical Society. 
 
In addition to CPs, 2D COF55 or graphdiyne54 nanosheets have also been prepared by the interfacial 
synthesis. Nishihara group firstly demonstrated the synthesis of 2D graphdiyne nanosheets by 
liquid/liquid or gas/liquid interfacial reaction.54(Figure 1.11) The lateral size and thickness of few-layer 
graphdiyne is 1.5 µm and ~3 nm, respectively. Interfacial syntheses could be promising method for 
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producing few-layer 2D nanosheets ranging from coordination polymer to covalent-bonded polymer 
which is alternative to wet-chemical syntheses. 
 
1.2.6 Solid state reaction 
As mentioned in Section 1.2.5.1, most of bottom-up routs are often prepared under thermodyanamic 
approaches, rely on reversible bond-forming conditions. In a different approach, two distinct groups 
independently reported an ordered 2D polymer with internal periodicity by the crystal-to-crystal 
photopolymerization. The basis of this approach is solid state reaction; monomer should be prepared in 
single crystals with preorganized shape. This precise placement of the monomer in single crystals 
inhibits undesirable molecular motion and enables a lateral polymerization. It should be noted that the 
reaction is controlled by kinetic approaches which the reaction is progressed under irreversible bond-
forming conditions. Therefore, the preparation of monomer with exact packing is critical for the solid 
state reaction; otherwise, aperiodic, hyperbranching network are obtained.48 
 
 
Figure 1.12 | Overview of the crystal-to-crystal photopolymerization. a, Chemical structure of the 
monomer fantrip (left) and the corresponding 2DP, poly(fantrip) (right). b, Single crystal of the fantrip 
monomer before and after irradiation (223 K, 460 nm, 80 min). c, Single crystal of the fantrip monomer 
before and after irradiation (223 K, 460 nm, 150 min) followed by a second irradiation (223 K, 400 nm, 
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70 min). d, X-ray crystal structures of the fantrip monomer, fantrip dimer and poly(fantrip). The 
monomer and polymer structures correspond to the crystals shown in c and the dimer corresponds to 
the crystal shown in b. Reproduced with permission from ref.56 Copyright 2014 Nature Publishing 
Group. 
 
In 2013, King and co-worker studied formation of triptycene-based 2D polymer nanosheet in the 
solid state57 and later they further extended study by using fluorinated triptycene-based single-
crystalline monomer (fantrip).56(Figure 1.12) Photopolymerization of the triptycene-based single-
crystalline monomer by [4+4] cycloaddition was conducted by irradiation of these crystals with 400 nm 
UV light under N2 atmosphere and it was confirmed that the monomer polymerization occurs by 
dimerization at its medial positions and thus the polymer’s microstructure could be established. The 
obtained polymer bulk crystal was then exfoliated into single- or few layer nanosheet by rotating them 
in NMP at 50 °C for several days. Concurrently, Sakamoto and co-workers demonstrated the preparation 
of chiral 2D polymer crystal by photopolymerization of a single crystal of an enantiomorphic monomer, 
and Schlüter and co-workers further studied using similar enantiomorphic monomer.58,59 This is a 
particularly interesting property that cannot be normally achieved by molecular and supramolecular 
systems. 
 
1.3 Modification of 2D layered materials 
Considering specific applications of 2D layered materials, the band gap, dispersibility, and 
processability of the materials can be customized by postsynthetic modification of 2D layered materials 
with organic and inorganic molecules. The postsynthetic modification of 2D layered materials involves 
modification of initially prepared 2D layered materials. The postsynthetic modification offers an 
effective route for the incorporation of several functional groups in 2D layered materials. This process 
allows to tailor the chemical environment of the materials, thus making the materials worthier for 
advanced applications.25 In this section, I provide an overview on the well-known postsynthetic 
modification of 2D layered materials, including functionalization of 2D layered materials via addition 
or substitution reaction. I will discuss suitable reaction for functionalization of 2D layered materials 
especially in covalent functionalization.  
 
1.3.1 Cycloaddition reaction 
A cycloaddition reaction is one in which two unsaturated molecules add to one another, yielding a cyclic 
product. It is a simple protocol for introducing sp3 defects in aromatic framework. Consequently, this 
offers the potential to improve the processability of 2D layered materials. However, the reaction alters 
the intrinsic electronic properties of materials. It is therefore a challenge to develop a reaction to control 
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the functionality.19 The most famous reaction of cycloaddition is Diels-Alder reaction, a pericyclic 
process that takes place between a diene (four π electrons) and a dienophile (two π electrons) to yield a 
cyclohexene product. Diels-Alder reaction on graphene changes the hybridization of an aromatic rings 
from sp2 to sp3, leads to an efficient opening of a bandgap on the carbon materials.60 Haddon and co-
workers studied the reactivity of exfoliated graphene on Si substrates in Diels-Alder reaction. Graphene 
is used as diene and some adducts such as tetracyanoethylene (TCNE) or maleic anhydride (MA) are 
used as dienophile respectively, and the reaction was monitored by Raman spectroscopy.61  
 
 
Figure 1.13 | Chemical exfoliation of N-hexylmaleimide-functionalized CONs. a, Schematic 
representation of the exfoliation process. b, Experimental PXRD patterns of DaTp and DaTp-CONs 
and simulated PXRD pattern of DaTp in eclipsed mode. c, SEM image (5 µm) of DaTp. Inset in c: TEM 
image (100 nm) of DaTp. d, SEM image (5 µm) of DaTp-CONs. Inset in d: TEM image (100 nm) of 
DaTp-CONs. Reproduced with permission from ref.62 Copyright 2016 Wiley-VCH Verlag GmbH & Co. 
 
In addition to graphene, anthracene-functionalized COF also synthesized via Diels-Alder reaction. 
(Figure 1.13) The introduction of N-hexylmaleimide within the COF backbone disturbs the van der 
Walls interactions and the planarity of the individual layers, which results in exfoliation to prepare N-
hexylmaleimide-functionalized covalent organic nanosheets.62 
 
1.3.2 Oxidation 
Oxidation has traditionally been the most common postsynthetic method in the field of 2D layered 
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materials. Oxidized 2D layered materials can be easily prepared by aggressive acid treatment, as for 
example with the Hummers method (see Section 1.2.3).18,37 However, this method is too corrosive, 
causing the structural defects of 2D layered materials. The direct oxidation in the presence of oxygen 
can be an alternative approach for oxidizing this kind of 2D layered materials. In contrast with graphene 
or carbon nitride, this method is not applicable in TMDs. It should be noted that the single-layer TMDs 
are exhibit poor long-term stability in air. After room-temperature exposure to the environment for 
several months, monolayers of TMDs undergo dramatic aging effects including extensive cracking, 
changes in morphology.63 Not all the oxidations are harmful to 2D layered materials, as one might think 
that oxidation may impair the structure of 2D layered materials. As an example, Yaghi and co-workers 
demonstrated chemical conversion of linkages in COFs by direct oxidation from imine moieties to 
amide moieties without the loss of their crystallinity and permanent porosity. Through the oxidation, 
the amide COFs show improved chemical stability under aqueous acidic and basic conditions relative 
to their corresponding imine-linked framework.64 
 
1.4 Research overview and objective 
The past two decades have seen unprecedented increase in research progress on 2D layered materials 
in the field of materials science after the discovery of graphene in 2004 by mechanical exfoliation of 
graphite. The unique class of materials has demonstrated outstanding intrinsic properties and thus is 
being explored for various potential applications. However, these properties might be reflected 
sometimes as an “undesirable” properties in terms of processability, hence they disrupt the development 
of specific applications. To overcome the limitation, synthetic modification has been an alternative to 
improve the processability. Synthetic modification can tailor the physical and chemical properties by 
introducing or changing the functionality into the 2D materials. Ultimately, it might enhance the 
processability for practical applications. The development of chemical modification for 2D layered 
materials has generally lagged considerably behind compared with other 1D and 3D analogues. 
Therefore, it represents an attractive challenge for synthetic chemists. 
The focus of the thesis is on the synthesis and modification of 2D layered materials, which allow to 
enhance processability for practical applications. In the first half of this thesis, I discuss postsynthetic 
modification of graphite into graphene nanoplatelets via solvent-free Diels-Alder reaction. The one-pot 
Diels-Alder reaction of pristine graphite enables to functionalize dienophiles at the edge of graphite, 
which facilitate to delaminate into graphene nanoplatelets by dispersing them into common organic 
solvent. The organic functionality acts as a stabilizer of solvent-dispersed graphene nanoplatelets, which 
finally hinders to reaggregate them in solution to get a better processability. Moreover, chemical 
properties can be tuned by changing the dienophiles. To demonstrate the reactivity depending on 
synthetic approaches, two approaches were selected. The one is Diels-Alder reaction of graphite via 
mechanochemical approach which described in chapter 2, the other is solvothermal approach discussed 
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in chapter 3. The resultant product made by mechanochemical approach has higher degree of 
functionalization than the other one produced by solvothermal approach, hence mechanochemical 
approaches is more powerful than solvothermal approaches in graphene chemistry. The second half of 
this thesis focuses on synthesis and presynthetic modification of COF. Firstly, the synthesis of imine-
linked COF with high crystallinity and porosity is discussed in chapter 4. To improve the reactivity of 
COF, I designed small-pore crystalline COF using specific triamine building block including hydroxy 
groups. The resultant imine-linked COF showed high crystallinity and microporosity, and it exhibited 
high thermal stability. To improve the stability of COF, I explore synthesis of imide-linked COF in 
chapter 5. Typically, synthesis of imide linkage proceeded two step reactions, including formation of 
amic acid linkage and subsequent imidization of imide linkage. The first step is reversible; however, 
the second step is irreversible. Hence the linkage is more stable than other common reported COF 
linkage. Because of the irreversible second step imidization, the imide-linked COF showed high thermal 
stability along with the 1D polyimide analogues. The last part of this thesis, I briefly summarize my 
Ph.D. studies. 
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Chapter 2 MECHANOCHEMICALLY DRIVEN SOLVENT‑FREE DIELS‑ALDER REACTION OF 
GRAPHITE INTO GRAPHENE NANOPLATELETS† 
† Chapter Ⅱ is reproduced in part with permission of “Seo, J.‑M.; Jeon, I. ‑Y. and Baek, J.‑B. Chem. Sci., 2013, 4, 4273”. 
Copyright 2013 The Royal Society of Chemistry 
 
2.1 Introduction 
Over the past few decades, highly ordered graphitic materials, including carbon nanotubes (CNTs)65 
and graphene14, have been the subject of many studies in academia and industry because of 
unprecedented properties that arise from all‑sp2‑hybridization.12 One of the fundamental properties that 
results from the exotic conjugated π‑electron system is chemical inertness. Graphitic materials remain 
intact under ambient conditions and after exposure to most caustic chemicals, therefore they can be 
subjected to most processing and characterization methods without the need to take any precautions.66 
However, it should be noted that chemical inertness is not always helpful in processing these graphitic 
materials. Due to issues regarding processability and dispersibility, there are still challenges to face in 
various applications, particularly energy‑related applications, catalyst support, and reinforcement of 
composites. Covalent modification of the graphitic materials is certainly a key to addressing these issues. 
The ability to modify the surface of graphitic materials by functionalization leads to improvement of 
dispersibility and processability. In addition, covalent functionalization allows tailoring and tuning of 
their electronic and mechanical properties.67,68 
Hitherto, various methods for the functionalization of graphitic materials have been devised including 
radical addition,69,70 cycloaddition,71,72 hydrogenation,73,74 and fluorination.75,76 In almost all instances, 
the reaction sites can become rehybridized from sp2 carbon to sp3 carbon atoms. This alters the 
exceptional physical properties of the graphitic materials. For instance, the mobility of the charge 
carriers and the conductivity of the graphitic material are reduced after covalent functionalization.6,60 
Therefore, the development of effective protocol for edge‑selective functionalization is needed to 
preserve the intrinsic properties of graphitic materials.  
Diels‑Alder reaction, i.e., [4 + 2] cycloaddition, is attractive and versatile alternative used in various 
graphitic materials, because a wide variety of functional groups can be introduced. In contrast to 
fullerene and carbon nanotubes, which always act as the dienophile in [4 + 2] cycloaddition due to their 
curvatures,77,78 2‑dimensional graphene and its derivatives are able to behave as both diene and 
dienophile.61,79 Based on this hypothesis, Haddon, et al., reported the Diels‑Alder reaction of graphene 
on its basal plane by heating of graphite and dienophile.79 For thermal reaction in solution, a rather large 
amount of solvent is usually required due to the poor solubility of graphite in common organic solvents. 
Consequently, solution‑based Diels‑Alder reaction results in a low degree of functionalization with poor 
yield.80 As an alternative method for solution‑based synthesis, solvent‑free synthesis of graphitic 
materials has been proposed to overcome this difficulty.81 On the basis of our previous works on the 
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mechanochemical modifications of graphite via dry ball‑milling in the presence of dry ice82 and reactive 
gases,83 here, for the first time, we report solid‑state [4 + 2] cycloaddition between graphite and 
dienophile. Graphite was selected as a diene, and maleic anhydride (MA) and maleimide (MI) were 
chosen as dienophiles to ensure feasibility. Compared with many previous methods, the approach 
applied in this work is simple but efficient to produce edge‑selectively functionalized graphene 
nanoplatelets (EFGnPs). The resultant EFGnPs are highly dispersible in various polar solvents, 
including water. Furthermore, each EFGnP shows different dispersibility depending on the nature of the 
functional groups. 
 
2.2 Experimental 
2.2.1 Materials 
Graphite (natural, 100 mesh, <150 mm, 99.9995% metal basis, Lot no. 14375) was obtained from Alfa 
Aesar. Maleic anhydride (MW = 98.06) and maleimide (MW = 97.07) were purchased from 
Sigma‑Aldrich Chemical Inc. and used as received. Solvents were used as received. 
 
2.2.2 Synthesis of MA‐GnPs and MI‑GnPs by ball‑milling 
In a typical procedure, pristine graphite (5 g) and maleic anhydride (10 g, 0.102 mol) or maleimide (10 
g, 0.103 mol) were placed into a stainless steel container with stainless steel balls (500 g, 5 mm in 
diameter). The container was sealed and degassed with argon using 5 evacuate-refill cycles. The 
container was then fixed in the planetary ball-mill machine (Pulverisette 6, Fritsch, Germany) and 
agitated at 500 rpm for 48 h. Thereafter the resultant products were stirred with 1 M aqueous HCl 
solution to completely acidify the residual active species and to remove metallic impurities, if any. 
Further Soxhlet extractions were conducted with tetrahydrofuran (THF) and water for 72 h and 48 h, 
respectively, and freeze-dried at −120 °C under a reduced pressure (0.05 mmHg) for 48 h to yield 6.45 
g of MA‑GnPs and 7.09 g of MI‑GnPs as a dark‑black powder. Found for MA‑GnPs: C: 86.10%; H: 
1.07%; O: 10.10%. Found for MI‑GnPs: 84.97%; H: 1.21%; O: 8.91%; N: 3.06%. 
 
2.2.3 Physical characterization 
Fourier transform infrared (FT‑IR) spectra were recorded on a Perkin‑Elmer Spectrum 100 using KBr 
pellets. Thermogravimetric analysis (TGA) measurements were performed on a TA Instrument Q200 
Thermogravimetric Analyzer. The samples were heated from 50 to 900 °C under an air or a nitrogen at 
a heating rate of 10 °C min−1. The morphology of the as‑prepared samples was examined by 
field‑emission scanning electron microscopy equipped with an energy dispersive spectrometer 
(FE‑SEM, FEI Nanonova 230). Samples were deposited onto a conductive carbon tape without coating 
and imaged at 10 kV without tilting. Elemental analysis (EA) was conducted on a Thermo Scientific 
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Flash 2000. X‑ray photoelectron spectra (XPS) were recorded on a Thermo Fisher K‑alpha XPS 
spectrometer. Raman spectra were recorded using an Alpha 300S confocal Raman spectrometer (WITec, 
Germany) with a 532 nm He‑Ne laser. Contact angle measurements were conducted on a Krüss DSA 
100 contact angle analyzer. Samples were dissolved in NMP at a concentration of 10 mg ml−1 and 
sonicated 1 min. Then the solutions were dip coated on a silicon (Si) wafer and dried under vacuum 
oven at 70 °C.  
 
2.3 Results and Discussion 
2.3.1 Synthesis of edge‑selectively functionalized graphene nanoplatelets (EFGnPs) 
MA‑ (MA‑GnPs) and MI-functionalized graphene nanoplatelets (MI‑GnPs) were synthesized by [4 + 
2] cycloaddition via ball‑milling of graphite in the presence of MA or MI, respectively, as a 
corresponding dienophile (Figure 2.1a). Large pieces of pristine graphite flake (100 mesh, >150 mm, 
Figure 2.1b) were readily crushed into small grain sizes of graphene nanoplatelets (GnPs) (Figure 2.1c 
and d), suggesting that the mechanochemically driven reaction by ball-milling should lead to changes 
in the morphologies of the resultant edge‑selectively functionalized GnPs (EFGnPs). The grain sizes of 
the resultant EFGnPs were dramatically reduced to the range of 0.1‑1 µm, compared with pristine 
graphite. This result implies that mechanochemical ball milling effectively promotes C‒C bond 
breaking, functionalization, and subsequent delamination of graphite into GnPs. 
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Figure 2.1 | Solvent‑free Diels‑Alder reaction of graphite into graphene nanoplatelets via 
mechanochemical approach. a, Schematic representation of the mechanochemically driven solid‑state 
Diels‑Alder reaction between in situ generated active carbon species by ball milling in the presence of 
a specific dienophile, maleic anhydride (MA) or maleimide (MI). Active carbon species along the 
broken edges would more efficiently promote [4 + 2] cycloaddition, and the remnant should be 
terminated by subsequent exposure to air moisture, forming oxygenated groups. The anhydride moieties 
at the edges of MA‑GnPs could be hydrolyzed into carboxylic acids during acid-mediated work-up 
procedures. b-d, SEM images: (b) pristine graphite; (c) MA‑GnPs; (d) MI‑GnPs. The morphologies of 
MA‑GnPs and MI‑GnPs show more fluffy than pristine graphite, indicating that the graphitic layer 
could be delaminated into a graphene nanoplatelets without solvent system. Scale bars are 1 µm. 
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Figure 2.2 | Synthetic mechanism of the EFGnPs. Proposed mechanism for the edge‑selective 
functionalization of graphite by mechanochemical cracking of graphitic C‒C bonds in the presence of 
maleic anhydride (MA) or maleimide (MI) to yield: a, MA‑GnPs; b, MI‑GnPs, respectively. The 
graphitic structure is simplified and idealized for clarity. 
 
The kinetic energy of high-speed steel balls cracks the graphitic C‒C bonds and generates reactive 
carbon species. It is known that reactive carbon species are mostly radicals due to hemolytic cleavages 
and ions (cations and anions) due to heterolytic cleavages along the broken edges,82 which may lead to 
efficient promotion of [4 + 2] cycloaddition. Based on perylene as a miniature model compound for 
graphite, it is known that [4 + 2] cycloaddition occurs at the bay region of perylene, which, in turn, 
implies that [4 + 2] cycloaddition reacts at the armchair edges of graphite.84 Therefore, cycloaddition is 
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expected to occur more along armchair edges rather than zigzag edges and the graphitic basal plane in 
the presence of MA or MI as dienophile (see Figure 2.1a and Figure 2.2). The rest of the remnant active 
carbon species at the armchair and zigzag edges could be terminated by exposure to air moisture. As a 
result, some oxygenated groups, such as hydroxyl (‒OH) and carboxylic (‒COOH) groups should also 
be introduced at the cracked edges of the resultant EFGnPs (Figure 2.1a).83 
The weight increased in both MA‑GnPs and MI‑GnPs after mechanochemical ball‑milling, and 
complete work‑up procedures showed evidence of the weight gaining functionalization via solid‑state 
Diels‑Alder reaction (see Experimental section). Elemental analysis (EA) showed that MA‑GnPs and 
MI‑GnPs have the carbon contents of 86.10% and 84.97%, respectively, and oxygen contents of 10.10% 
and 8.91%, respectively (Table 2.1), while pristine graphite has carbon and oxygen contents of 97.71% 
and below the detection limit, respectively. Furthermore, only MI‑GnPs have a nitrogen content of 
3.06%. The results indicate that new elements were introduced to the GnPs.  
 
Table 2.1 | EA data of the pristine graphite, MA‑GnPs and MI‑GnPs 
Sample C (%) H (%) O (%) N (%) C/H C/O C/N 
Graphite 97.71 BDLa BDL NAb NA NA NA 
MA‑GnPs 86.10 1.07 10.10 NA 6.71 11.37 NA 
MI‑GnPs 84.97 1.21 8.91 3.06 5.85 12.72 32.40 
a. BDL = Below detection limit. 
b. NA = Not applicable. 
 32 
 
Figure 2.3 | Energy dispersive spectrometer (EDS) of pristine graphite, MA‑GnPs and MI‑GnPs. 
SEM images and their corresponding carbon, oxygen and nitrogen mappings in that order: Scale bars 
are 1 μm. Nitrogen was only observed in MI‑GnPs. 
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Table 2.2 | XPS and EDS data of the pristine graphite, MA‑GnPs and MI‑GnPs 
Sample  C (%) O (%) N (%) C/O C/N 
Graphite 
XPS (at%) 98.68 1.32 NAa 99.68 NA 
EDS (at%) 99.00 1.00 NA 132 NA 
MA-GnPs 
XPS (at%) 89.47 10.53 NA 11.33 NA 
EDS (at%) 91.14 8.86 NA 13.72 NA 
MI-GnPs 
XPS (at%) 87.99 9.05 2.96 12.96 34.68 
EDS (at%) 88.22 5.18 6.59 22.71 15.62 
 
The sole presence of nitrogen in MI‑GnPs was further confirmed by SEM element mapping with an 
energy dispersive spectrometer (EDS) of the samples (Figure 2.3 and Table 2.2). Although MA and MI 
have similar structures (Figure 2.2), the resultant MA‑GnPs and MI‑GnPs are expected to possess 
different properties owing to the differences in the chemical nature of the final structures. After stirring 
in 1 M aq. HCl solution to eliminate residual metallic impurities, if any, and further Soxhlet extraction 
with water (see Experimental section), the anhydride moieties at the edges of MA‑GnPs were expected 
to be hydrolyzed into carboxylic acids, while the imide rings of MI‑GnPs are relatively stable and thus 
remain intact.85,86 Consequently, the difference in polarity between open shaped carboxylic acids and 
close-shaped imide rings should display different dispersibility in polar solvents (vide infra). 
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2.3.2 Characterization of MA‑GnPs and MI‑GnPs 
To further quantitatively and qualitatively identify Diels‑Alder reaction adducts, thermogravimetric 
analysis (TGA), Fourier transform infrared (FT‑IR) and X‑ray photoelectron spectroscopy (XPS) were 
used.  
 
 
Figure 2.4 | TGA thermograms of MA‑GnPs and MI‑GnPs. The samples were heated at 10 °C min-
1 in a, air; b, nitrogen. 
 
Compared with pristine graphite, the TGA thermograms of MA‑GnPs and MI‑GnPs obtained show 
that gradual weight loss started from the beginning and the measured values were approximately 14% 
and 18% at around 435 °C and 540 °C in air, respectively (Figure 2.4a). The char yields of MA‑GnPs 
and MI‑GnPs were 15.1% and 17.6%, respectively, at 1000 °C in nitrogen (Figure 2.4b). The early 
gradual weight loss of EFGnPs is attributed to the thermal decomposition of edge functional groups.82 
Based on the results, we can simply assume the amount of functional groups at the edge of graphene 
nanoplatelets by measuring the char yield at nitrogen atmosphere. However, these values are slightly 
lower than the weight loss estimation of MA‑GnPs and MI‑GnPs; MA‑GnPs (1.45/6.45 × 100% = 22%), 
MI‑GnPs (2.09/7.09 × 100% = 29%). The main reason is due to the regeneration of graphitic structure 
during pyrolysis. Edge-dienenophile moieties (i.e., MA‑ and MI‑) cannot be cleanly stripped off by 
heat-treatment, because some portions are pyrolyzed into graphitic char under inert nitrogen condition. 
As a result, higher char yields at 1000 °C than theoretical ones are expected. Although some other minor 
reasons cannot be ruled out, we believe that the reason is major contributions to the gap between weight 
gains by the reaction and weight losses by TGA. 
 35 
 
Figure 2.5 | Structural characterization of MA‑GnPs and MI‑GnPs. a, Full FT-IR spectra (KBr 
pellets) (left); magnification of the fingerprint region between 1650 cm−1 and 1950 cm−1 showing the 
signals of the characteristic C=O stretching vibration (middle); magnification of the fingerprint region 
between 1300 cm−1 and 1470 cm−1 showing the signals of the characteristic C‒N stretching vibration 
(right). b, XPS survey spectra. Inset: high-resolution XPS N 1s spectrum of MI‑GnPs. c, schematic 
representation of the edge moieties of MA‑GnPs (left) and MI‑GnPs (right) after acid-mediated work-
up procedures. Anhydride groups on MA‑GnPs are prone to hydrolyze into carboxylic acid groups 
because of the water. However, the maleimide rings on MI‑GnPs remain intact. Imide groups tend to 
hydrolyze into amic acid groups at basic media. 
 
The types of functional groups at the edges of the resultant EFGnPs can be confirmed by FT‑IR 
spectroscopy and XPS. While pristine graphite shows an almost featureless FT‑IR spectrum (Figure 
2.5a), MA‑GnPs and MI‑GnPs display a strong band at 1580 cm−1, which is attributable to the C=C 
stretching band at the edges of EFGnPs. Both samples also exhibit similar bands at around 1200 and 
3400 cm−1, respectively, corresponding to C‒O and O‒H stretching attributed to carboxylic or hydroxyl 
groups at the edges. In the case of MI‑GnPs, overlapping between O‒H and N‒H stretching may occur 
at around 3400 cm−1. MA‑GnPs and MI‑GnPs have the same band, which appears at 1711 cm−1 and is 
attributed to C=O stretching. N–H bending overlapped with C=O stretching. In addition, MI‑GnPs 
display a small band at 1345 cm−1, which is attributed to C‒N stretching from maleimide ring moieties 
at the edges. The results suggest that anhydride groups (mostly C=O stretching in anhydride appears at 
1830 cm−1) on MA‑GnPs are hydrolyzed into carboxylic acids,87 whereas the maleimide rings on 
MI‑GnPs remain intact during acid-mediated work-up procedures.85,86(Figure 2.5c) 
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Figure 2.6 | High resolution XPS spectra. a, C 1s spectra of pristine graphite, MA‑GnPs and MI‑GnPs. 
b, O 1s spectra of pristine graphite, MA‑GnPs and MI‑GnPs. 
 
For more detailed analysis, both EFGnPs were further examined by XPS (Figure 2.6 and Table 2.2). 
While pristine graphite shows a very minor O 1s peak at 532 eV relative to the C 1s peak at 284 eV due 
to physically adsorbed oxygen,88,89 MA‑GnPs and MI‑GnPs display relative strong O 1s peaks owing 
to the edge functional groups (Figure 2.5b). The high-resolution XPS surveys with curve fitting of O 1s 
spectra of both MA‑GnPs and MI‑GnPs reveal that the O element is assignable to C–O and C=O 
bonding (Figure 2.6), which are associated with C–OH, O=C–OH, and O=C–N–C=O moieties. Once 
again, the N 1s peak at 400 eV, which corresponds to pyrrolic‑N of the imide ring (inset, Figure 
2.5b),90,91 was only observed with MI‑GnPs. 
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Figure 2.7 | Raman spectra obtained by a focused laser: a, edge area and b, basal area. 
 
The Raman spectra of edge-selective [4 + 2] cycloadditions via ball-milling graphite in the presence 
of dienophile which exclusively occurred at the edges were obtained from the edges and basal areas of 
samples with a focused laser beam. The Raman spectrum obtained from the edge area of pristine 
graphite shows a strong G band at 1580 cm−1 and a 2D band at 2717 cm−1 with a very weak D band at 
1350 cm−1 (Figure 2.7a), indicating a highly ordered structure with low defects. Pristine graphite has 
the ratio of the D‑ to G‑band intensities (ID/IG) of only 0.01. However, MA‑GnPs and MI‑GnPs have 
much stronger D‑bands at 1350 cm−1, stemming from a high degree of edge distortion by 
functionalization along with size reduction. As a result, the ID/IG ratios of MA‑GnPs and MI‑GnPs are 
0.62 and 1.04, respectively. The Raman spectrum obtained from the basal area of the starting graphite 
shows strong G and 2D peaks without a detectable D peak, whereas those of MA‑GnPs and MI‑GnPs 
have detectable D peaks.92 (Figure 2.7b). However, the ID/IG ratios of MA‑GnPs and MI‑GnPs were 
0.04 and 0.40, respectively, which are relatively much lower than those obtained from edge areas. Note 
that the grain sizes of both EFGnPs are significantly smaller than pristine graphite as seen in Figure 
2.1b‑d. The relatively smaller D‑bands from MA‑GnPs and MI‑GnPs are most likely contributed by 
edges, because the wavelength (532 nm) of the Raman laser is similar to the grain sizes of EFGnPs.93 
Thus, the Raman results indicate that the [4 + 2] cycloadditions almost exclusively occurred at the edges 
of EFGnPs.  
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Figure 2.8 | Dispersibility of MA‑GnPs and MI‑GnPs. a, b, Photographs of sample dispersion in 
ethanol after 3 months standing under normal laboratory conditions: (a) MA‑GnPs and (b) MI‑GnPs. 
Concentration is 0.3 mg ml−1. c, d, Photographs of sample dispersion in water after 3 months standing 
under normal laboratory conditions: (c) MA‑GnPs and (d) MI‑GnPs. Concentration is 0.3 mg ml−1. e, 
f, Contact angle images of samples: (e) MA‑GnPs and (f) MI‑GnPs. 
 
 
Figure 2.9 | Photographs of EFGnPs dispersed solution in various solvents after 3 months standing 
on bench top in a normal laboratory conditions: a, MA‑GnPs; b, MI‑GnPs: (1) DI-water; (2) 
methanol; (3) ethanol; (4) acetone; (5) dimethylformamide; (6) 1-methyl-2-pyrrolidone; (7) toluene; (8) 
1,2-dichlorobenzene; (9) hexane; (10) dichloromethane. Concentrations are 0.3 mg ml−1. 
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Table 2.3 | Contact angles of MA‑GnPs and MI‑GnPs 
No. MA‑GnPs MI‑GnPs 
1 44.1 66.4 
2 45.0 67.2 
3 45.1 67.9 
4 45.3 68.5 
5 45.9 68.7 
Average 45.08 67.74 
 
The edge‑functionalization of GnPs is expected to lead to improved dispersibility due to the edge 
functionality (enthalpic gains) and size reduction (entropic gains), which should provide the 
thermodynamic driving force for dispersion in various solvents. Thus, EFGnPs can disperse well in 
most protic and polar aprotic solvents, including neutral water.83 For example, both EFGnPs show good 
dispersibility in ethanol (Figure 2.8a and b) and other protic and polar aprotic solvents (Figure 2.9). 
However, they display clearly different dispersion stability in H2O, as shown in Figure 2.8c and d, 
indicating that MA‑GnPs have better dispersion stability than MI‑GnPs in water. It is likely due to the 
hydrogen bonding between water molecules and carboxylic acid groups at the edges of MA‑GnPs. The 
variation in dispersibility supports the hydrolysis of anhydride into carboxylic acids in MA‑GnPs. For 
further evidence, contact angle measurements could distinguish the differences between the surface 
polarities of MA‑GnPs and MI‑GnPs, which were performed by placing droplets of de-ionized water 
on EFGnP‑coated silicon substrates. MA‑GnPs show a lower water contact angle (45.1°) (Figure 2.9e) 
than MI‑GnPs (67.9°) (Figure 2.9f), indicating the higher surface polarity of MA‑GnPs (Table 2.3). 
 
2.4 Conclusion 
In summary, for the first time, we have demonstrated the solid‑state Diels‑Alder reaction of graphite. 
Mechanochemical ball‑milling breaks the graphitic C–C bonds and generates active carbon species 
(mostly carboradicals, carboanions and carbocations), which couple with a dienophile, such as maleic 
anhydride or maleimide. Owing to the acid-mediated work up process, the anhydride moieties on 
MA‑GnPs are hydrolyzed into carboxylic acid, while the imide moieties on MI‑GnPs remain intact. The 
resultant edge‑selectively functionalized graphene nanoplatelets were readily dispersible in various 
solvents. Hence, considering the availability of dienophiles, the Diels‑Alder reaction via ball-milling 
graphite could be a general method for the chemical modification of graphite into graphene 
nanoplatelets. 
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Chapter 3 A SOLVENT-FREE DIELS-ALDER REACTION OF GRAPHITE INTO 
FUNCTIONALIZED GRAPHENE NANOSHEETS † 
 
† Chapter Ⅲ is reproduced in part with permission of “Seo, J.‑M. and J.‑B. Chem. Commun.., 2014, 50, 14651”. Copyright 
2014 The Royal Society of Chemistry 
 
3.1 Introduction 
Since the advent of new carbon materials, various attempts to manipulate their properties are constantly 
conceived. One of the most viable methods is chemical modification, which is the incorporation of 
functional group(s) by means of covalent or non‑covalent bonds. By tuning their intrinsic properties 
using chemical modification methods, carbon nanomaterials offer a great number of potential 
applications.19,94 However, given the chemical inertness arising from their fully conjugated aromatic 
network structure, carbon nanomaterials are known to be difficult for functionalization.95 Thus, highly 
reactive chemical species or harsh reaction conditions are required to overcome the large reaction barrier, 
such as oxidation using a strong acid35,96 or the addition of radicals.97,98 
To date, several chemical approaches have been developed for modifications of carbon nanomaterials. 
A promising approach is cycloaddition99 owing to the flexibility of the reaction procedure involved and 
it yields a variety of desirable functional groups. Therefore, numerous studies have been reported on 
the cycloaddition of fullerenes,100 carbon nanotubes,101 and the more recently graphene.19 Among them, 
the Diels‑Alder reaction, i.e., [4 + 2] cycloaddition on graphene, was experimentally demonstrated by 
Haddon’s group based on the concept of the dual behaviour of graphene as either a diene or a 
dienophile.61,79 Following their experimental results, Houk102 and Denis103 computationally predicted 
the reaction sites of graphene for Diels‑Alder reactions. Regarding the chemistry involved, it is 
commonly acceptable that organic solvents are necessary to dissolve all the reactants, allowing them to 
collide and then react with each other.104 However, this principle does not apply for the chemistry of 
carbon nanomaterials. Most carbon nanomaterials are known to be thermodynamically insoluble in 
common organic solvents, whereas they form kinetically stable suspensions in amide solvents such as 
dimethylformamide (DMF) or N‑methyl‑2‑pyrrolidone (NMP). Also solvent dispersed graphene tends 
to reaggregate to form thermodynamically stable layered structure. In other words, solvents are not 
always helpful for the functionalization of carbon nanomaterials. Hence, to explore their reactivity in 
the absence of a solvent is highly challenging.105,106 
In this communication, we demonstrate a solvent-free Diels‑Alder reaction of graphite into 
functionalized graphene nanosheets using two different dienophiles as an alternative to the 
solvent‑assisted approach. To increase the reaction feasibility conceptually, maleic anhydride (MA) and 
maleimide (MI) were chosen as the dienophiles for use in this study, whereas graphite was chosen as a 
diene. In contrast to our previous work in which a mechanochemical approach was used,107 
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thermodynamically preferred reaction products are obtained here, as the reaction is conducted at a 
relatively high temperature (160‑220 °C) in a sealed glass ampoule of argon. We expected that the 
resultant maleic anhydride‑functionalized graphene nanosheets (MAG) and maleimide‑functionalized 
graphene nanosheets (MIG) could be dispersed well in a polar solvent. Furthermore, the 
functionalization process induces the delamination of the graphite into graphene nanosheets by 
dispersing the resultant MAG or MIG in a common organic solvent. 
 
3.2 Experimental 
3.2.1 Materials 
Graphite (99.9% purity, stock no. 1250HT, CAS no. 7782‑42‑5, Lot no. 1250‑100907) was obtained 
from Nanostructured & Amorphous Materials Inc., USA, and used as received. Maleic anhydride (FW 
= 98.06) and maleimide (FW = 97.07) were purchased from Sigma‑Aldrich Chemical Inc. and used as 
received. Solvents were used as received. 
 
3.2.2 Solvent‑free Diels‑Alder reaction of MAG and MIG 
A Pyrex glass ampoule was charged with pristine graphite (0.5 g) and maleic anhydride (5 g, 50.98 
mmol) or maleimide (5 g, 51.50 mmol). After removing residual air through several vacuum 
purging/argon refill cycles, the reagents are sealed and allowed to react at 220 °C (MAG) or 160 °C 
(MIG) for 12 h. The resultant products were collected by filtration using Nylon membrane (0.2 µm), 
washed with tetrahydrofuran (THF) and further Soxhlet extracted with THF for 24 h. The solvent was 
removed under a reduced pressure (0.5 mmHg) at −120 °C for 72 h to give 0.502 g of MAG and 0.501 
g of MIG as a dark‑black powder. 
 
3.2.3 Physical characterization 
The morphology of the samples was examined by field‑emission scanning electron microscopy 
equipped with an energy dispersive spectrometer (FE‑SEM, FEI Nanonova 230). Samples were 
deposited onto a conductive carbon tape without coating and imaged at 10 kV without tilting. 
High‑resolution transmission electron microscopy (HR‑TEM) was carried out on a JEOL JEM‑2100F 
microscope operating at 200 kV. The samples were suspended in N‑methyl‑2‑pyrrolidone and drop‑cast 
onto a lacey carbon film. Themogravimetric analysis (TGA) was conducted on a TA Q600 (TA 
Instrument) under air at a heating rate of 10 °C min−1. Raman spectra were recorded using an Alpha 
300S confocal Raman spectrometer (WITec, Germany) with a 532 nm He‑Ne laser. Fourier transform 
infrared (FT‑IR) spectra were recorded on a Perkin‑Elmer Spectrum 100 using KBr pellets. X‑ray 
photoelectron spectra (XPS) were recorded on a Thermo Fisher K‑alpha XPS spectrometer. 
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3.3 Results and Discussion 
3.3.1 Solvent‑free Diels‑Alder reaction of graphite in closed system 
The solvent‑free Diels‑Alder reactions were performed in a closed and sealed system using a glass 
ampoule of argon (Scheme 3.1).  
 
 
Scheme 3.1 | Schematic representation of the solvent‑free Diels‑Alder reaction of graphite in the 
presence of a specific dienophile, maleic anhydride (MA) or maleimide (MI). Each dienophile can 
act both as a solvent as well as a reactant at an appropriated temperature. The red spheres denote the 
oxygen. 
 
It should be noted that graphite is a stable material, which, in turn, implies that it has poor reactivity. 
To facilitate the Diels‑Alder reaction, we carried out the reaction at a relatively high temperature 
(160‑220 °C). While conducting the reaction in an open process, MA or MI melted and evaporated, and 
condensed above the heated zone thus lowering the reactivity and the reaction yield. Therefore, we 
utilized a solvent‑free procedure using a sealed tube. After the reaction was complete, the products were 
Soxhlet‑extracted with tetrahydrofuran (THF) to remove the unreacted dienophile completely, after 
which the resultant products were freeze‑dried at a reduced pressure and characterized. In both cases, 
the mass of the product was greater than the mass of the starting graphite (Experimental details). 
 
3.3.2 Morphology and functionalization density characterization  
The functionalization of graphene is expected to improve the dispersibility due to the polar functional 
groups. This prediction is easily confirmed by dispersing the functionalized graphene nanosheets in a 
polar solvent. For example, MAG and MIG show good dispersibility in NMP, while graphite completely 
settled down after one month under the same conditions (insets in Figure 3.1a‑c). Upon exposure to a 
laser beam, the Tyndall scattering effect was observed for both MAG and MIG. This phenomenon 
indicates that both MAG and MIG have effective functional group which is able to be dispersed in NMP, 
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so that leads to delamination from functionalized graphite to functionalized graphene nanosheets. 
 
 
Figure 3.1 | Morphologies of functionalized graphene nanosheets. a‑c, SEM images: (a) pristine 
graphite, (b) MAG, and (c) MIG. Scale bars are 1 µm. Insets in each case are photographs of the sample 
dispersion in NMP after standing for 1 month under normal laboratory conditions. The concentration is 
0.5 mg ml−1. d‑f, HR‑TEM images: (d) pristine graphite, (e) MAG, and (f) MIG. Scale bars are 5 nm. 
Insets are SAED patterns of each respective sample. 
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Figure 3.2 | Microscopy images of functionalized graphene nanosheets. a‑c, Low‑ magnification 
SEM image: (a) pristine graphite, (b) MAG, and (c) MIG. Scale bars are 2 μm. d‑f, Low‑magnification 
HR‑TEM images: (d) pristine graphite, (e) MAG, and (f) MIG. Scale bars are 100 nm. 
 
The morphologies of the dispersed solutions were compared by means of scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure 3.1 and Figure 
3.2, the grain size is reduced to approximately 1 µm compared to pristine graphite. Unlike the graphite 
(Figure 3.1a), the morphologies of MAG and MIG show two‑dimensional transparent sheets stacked 
onto each other (Figure 3.1b and c), indicating the efficient functionalization and exfoliation of graphite 
into a few layers of graphene nanosheets. The exfoliation was further confirmed by TEM analysis 
(Figure 3.1 and 3.2). Compared to pristine graphite (Figure 3.1d), MAG (Figure 3.1e) and MIG (Figure 
3.1f) clearly show a few layers of sheets. These results indicate that functionalization induces further 
delamination of MAG and MIG in a solution to form fewer graphitic layers. Furthermore both MAG 
and MIG show clear six‑fold selected area electron diffraction (SAED) pattern, implying the 
functionalization take place not at the basal position but at the edge position of functionalized graphene 
nanosheets. 
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Figure 3.3 | TGA thermograms obtained from the heating rate of 10 °C min−1 in air. Inset is magnified 
thermograms range from 100 to 600 °C. 
 
It has been reported that graphene can function as either a diene or a dienophile in a Diels‑Alder 
reaction.79 Because we use two dienophiles (MA and MI) as the 2p component here, graphite should 
function as a 4p component. Therefore, the reaction is expected to occur at the basal plane and the 
peripheral positions, especially at the armchair edges. According to the computational prediction 
reported by Houk’s group,102 the basal plane of graphene cannot be functionalized, and functionalization 
occurs only at the armchair edges. The limited number of functionalization sites, therefore, could 
influence the degree of functionalization. Thus, we performed thermogravimetric analysis (TGA) to 
identify the degree of functionalization by thermally stripping off the MA and MI moieties from MAG 
and MIG, respectively. Compared to pristine graphite, the TGA thermograms of MAG and MIG (Figure 
3.3) obtained in an air atmosphere displays a gradual weight loss starting at approximately 200 °C, with 
the weight losses of MAG and MIG being approximately 2 and 1 wt%, respectively, at around 500 °C 
in air. The degree of functionalization is way too little compared with our previous reports (see Figure 
2.4 in Chapter 2) although all reaction proceeded same mechanism. These results provide that 
mechanochemical approach by ball‑milling is more powerful solvent‑free Diels‑Alder reaction than 
common thermodynamically preferred reaction. 
 
3.3.3 Structural characterization  
To investigate the structural information of MAG and MIG further, the Raman spectra (Figure 3.4) were 
obtained from powdered samples. While pristine graphite has the D‑ to G‑band intensity level (ID/IG) 
ratio of 0.20, MAG and MIG have stronger intensity ratios of 0.54 and 0.52, respectively, which is 
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indicative of a structural defect induced by covalent functionalization.  
 
Figure 3.4 | Raman spectra obtained by a focused laser. 
 
 
Figure 3.5 | Structural characterization of MAG and MIG. a, Full FT‑IR spectra (KBr pellets) (left); 
magnification of the fingerprint region between 1650 cm−1 and 1950 cm−1 showing the signals of the 
characteristic C=O stretching vibration (middle); magnification of the fingerprint region between 1300 
cm−1 and 1470 cm−1 showing the signals of the characteristic C‒N stretching vibration (right). b, XPS 
survey spectra. Inset: high‑resolution XPS N 1s spectrum of MIG. c, schematic representation of the 
edge moieties of MAG (left) and MIG (right) after work‑up procedures. Anhydride groups on MAG are 
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prone to hydrolyze into carboxylic acid groups because of the small amount of water in THF. However, 
the maleimide rings on MIG remain intact. Imide groups tend to hydrolyze into amic acid groups at 
basic media. 
 
The types of functional groups of the resultant MAG and MIG can be confirmed by Fourier transform 
infrared (FT‑IR) spectroscopy and X‑ray photoelectron spectroscopy (XPS). Pristine graphite shows a 
strong C=C stretching band at 1580 cm−1 and shows other minor bands as well due to the physically 
adsorbed oxygen (1220 cm−1) and moisture (1630, 3430 cm−1).108 On the other hand, MAG and MIG 
display a decisive difference from the graphite. The first is the presence of strong bands at 
approximately 2800 and 2900 cm−1, corresponding to sp3 C‒H stretching attributed to the Diels‑Alder 
reaction.79 The second difference results from the carbonyl (C=O) functionality of MAG and MIG. 
MAG exhibits a strong C=O band at around 1730 cm−1, corresponding to the carboxylic acid moieties, 
and a weak band at 1780 and 1880 cm−1, which is attributed to the anhydride moieties (Figure 3.5, 
middle) (mostly the anhydrides show two stretching bands for C=O groups; the results are from the 
asymmetrical (1860 cm−1) and symmetrical (1780 cm−1) C=O stretching modes.109). These results 
suggest that anhydride groups on MAG are mostly hydrolyzed into carboxylic acid. MIG also has strong 
C=O stretching or overlapped N–H bending from the imide ring moieties at 1711 cm−1, with a weak C–
N band at 1400 cm−1, which is identical to that in maleimide. As a result, the functionality of MIG 
retains its maleimide moieties compared to the MAG functionalities, which were mostly hydrolyzed 
into carboxylic acid. 
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Figure 3.6 | High resolution XPS spectra. a, C 1s spectra of pristine graphite, MAG and MIG. b, O 
1s spectra of pristine graphite, MAG and MIG. 
 
Table 3.1 | XPS elemental composition of pristine graphite, MAG and MIG 
 C (at.%) O (at.%) N (at.%) C/O C/N Total 
Graphite 98.16 1.84 NAa 53.35 NA 100 
MAG 88.16 11.84 NA 7.45 NA 100 
MIG 90.96 6.98 2.05 13.03 44.37 100 
 
 49 
For more detailed information into the characteristics of the bonds, both MAG and MIG were further 
examined by XPS. Pristine graphite exhibits a very minor O 1s peak at 532 eV relative to the C 1s peak 
at 284 eV due to the physically adsorbed oxygen.108 MAG and MIG display much stronger O 1s peaks 
than pristine graphite owing to the MA and MI functional groups (Figure 3.5b and Table 3.1). The 
deconvoluted high‑resolution XPS spectra in the C 1s region of MIG (Figure 3.6) show one distinctive 
peak at 285.6 eV, which is attributed to C–N bonding of MI moieties. In the case of the O 1s region, 
MAG (Figure 3.6) shows one broad peak at around 532 eV, which is assignable to C–O and C=O 
bonding of the MA moieties. MIG also shows two oxygen peaks. Based on the general structure of MI, 
a single oxygen signal is expected for the carbonyl groups in the imide ring. Beside the main carbonyl 
peak located at 531.8 eV, an additional oxygen peak at 533.3 eV in the range of the C–O bond (Figure 
3.6) was noted. Similar phenomena have been reported in imide‑functionalized carbon materials.110 
While peak asymmetry was observed in the O 1s envelope, a single N 1s signal was observed only at 
400.3 eV, which corresponds to the pyrrolic‑N of the imide ring (Figure 3.5b, inset). Thus, we can 
conclude that, once again, the MI rings on MIG remain intact during work-up procedures. 
 
3.4 Conclusion 
We have, for the first time, demonstrated a solvent-free Diels-Alder reaction of graphite using two 
different dienophiles, maleic anhydride and maleimide. After Soxhlet extracted work-up process, the 
anhydride moieties on MAG are mostly hydrolyzed into carboxylic acid because of the water in THF, 
while the imide moieties on MIG remain intact. The covalent functionalization of graphite could be a 
driving force for its delamination into graphene nanosheets through dispersion in a polar solvent such 
as DMF or NMP. Therefore, the solvent-free covalent functionalization of graphite via the Diels-Alder 
reaction is not only a simple but an efficient approach for the scalable preparation of graphene 
nanosheets. 
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Chapter 4 A CRYSTALLINE IMINE-LINKED 2D COVALENT ORGANIC FRAMEWORK 
4.1 Introduction 
Covalent organic framework (COFs) are a new class of porous crystalline materials composed of 
lightweight elements such as boron, carbon, nitrogen and oxygen.24 COFs are made by combination of 
molecular building blocks covalently linked into extended structures, based on reticular chemistry, 
which makes them low dense and robust materials. To date, COFs containing boronate ester, boroxine, 
borazine, triazine, imine, hydrazine, azine and imide linkages have been developed.20,21 Although COFs 
constructed from B-O linkage have been well developed, their weak chemical stability leads to rapid 
decomposition upon exposure to moisture and limits their effective usage in gas storage material under 
ambient conditions.111,112 The recently developed COFs composed of the C-N linkage have overcome 
this limitation and are found to have enhanced chemical stability.113 However, the reported imine-linked 
COFs typically possess moderate specific surface areas and mesoporous pores due to its relatively large 
pore beyond micropores. Therefore, the design for new COFs with excellent porosity, high specific 
surface area and small pore size for gas storage is highly desired. 
Here we introduce a new imine-linked covalent organic framework, which has been synthesized via 
a condensation reaction between 1,3,5-triamino-2,4,6-benzenetriol (TATHB) and terephthaldehyde 
(TPA). To enhance its reactivity and crystallinity, we used specific triamine building block by 
incorporating hydroxy groups. The resultant COF has high crystallinity and microporosity. The COF is 
thermally stable up to 500 °C. 
 
4.2 Experimental 
4.2.1 Materials 
Unless stated otherwise, all reactions were performed in oven dried glassware under ambient 
atmosphere. 1,3,5-Triamino-2,4,6-benzenetriol was synthesized according to published methods.114,115 
Palladium on carbon (10 wt%), terephthaldehyde, benzaldehyde, 1,4-dioxane, 1-butanol and ethyl 
alcohol were purchased from Sigma-Aldrich and used as received. 1,2-Dichlorobenzene was purchased 
from Alfa Aesar. 2-Aminophenol was purchased from Acros Organics and used as received. 1,3,5-
Trimethylbenzene was purchased from TCI Chemical. Methyl alcohol was purchased from Honeywell 
International Inc. Acetic acid was purchased from OCI chemicals.    
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4.2.2 Synthesis of 1,3,5-triamino-2,4,6-benzenetriol trihydrochloride 
 
Scheme 4.1 | Schematic illustration of synthetic route for 1,3,5-triamino-2,4,6-benzenetriol 
trihydrochloride (TATHB) 
 
4.2.2.1 Synthesis of 1,3,5-trinitro-2,4,6-benzenetriol (1)114 
A round-bottom flask was charged with sulfuric acid (98%, 300 ml) and cooled to approximately 5 °C. 
Potassium nitrate (32.07 g, 0.317 mol) was added slowly with stirring to avoid increase in the 
temperature. After complete addition of potassium nitrate, the reaction mixture was stirred for 15 min 
and phloroglucinol (10 g, 0.079 mol) was added at a rate such that the temperature did not exceed 10 °C. 
Vigorous stirring was maintained to prevent concentrating the solid in the center. After complete 
phloroglucinol addition, the reaction mixture was stirred for 15 min and the cooling bath was removed. 
The reaction was stirred for an additional 30 min at room temperature. The heterogeneous yellow 
mixture was added in one portion to crushed ice (1000 g) and was stirred gently until all the ice had 
melted. The resulting precipitate was isolated by filtration, washed with cold 10% HCl. The resultant 
yellow solid was air dried to afford 1,3,5-trinitro-2,4,6-benzenetriol (20.08 g, 96.9%). 1H NMR (400 
MHz, DMSO-d6) δ 6.59 (s, 1H, OH); 13C NMR (100 MHz, DMSO-d6) δ 153.92 (Ar2,4,6-C), 122.14 
(Ar1,3,5-C). 
 
4.2.2.2 Synthesis of 1,3,5-triamino-2,4,6-benzenetriol trihydrochloride (2)115 
A batch reaction vessel (Parr Co.) was charged with 1,3,5-trinitro-2,4,6-benzenetriol (5.00 g, 19.150 
mmol) containing 10% Pd/C (0.25 g), and 1M aqueous HCl (100 mL). The hydrogenation was carried 
at r.t. and a hydrogen pressure of 60 psi for 24 hr. The reaction mixture was filtered into concentrated 
HCl (200 ml) under reduced pressure over Celite to remove catalyst. The colorless precipitate was then 
placed in the freezer for 10 days, then isolated by filtration, washed with conc. HCl and ethyl ether. The 
solid was dried in vacuum over at 40 °C to provide 3.812 g (70.960%) of the 1,3,5-triamino-2,4,6-
benzenetriol trihydrochloride as a white crystalline solid. 1H NMR (400 MHz, DMSO-d6) δ 10.01 (br, 
s, OH); 13C NMR (100 MHz, DMSO-d6) δ 144.60 (Ar2,4,6-C), 104.29 (Ar1,3,5-C). 
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4.2.3 Synthesis of TATHB-TPA-imine 
4.2.3.1 General synthetic procedures 
Transfer of all reagents was performed in an ambient air atmosphere with no precautions taken to 
exclude oxygen or atmospheric moisture. Pyrex glass ampoule charged with reagents and freeze-
vacuum-thaw cycle with LN2 were evacuated using a Schlenk line by fitting the short length of standard 
butyl rubber horse and further affixed to a ground glass tap and another short length of standard butyl 
rubber horse which could be closed to isolate this assembly from the dynamic vacuum when the desired 
internal pressure was reached. Ampoule was then sealed under this desired vacuum using a propane 
torch.24 
 
4.2.3.2 TATHB-TPA-imine 
A 50 mL glass ampoule was charged with 1,3,5-triamino-2,4,6-benzenetriol trihydrochloride (TATHB) 
(0.128 g, 0.4 mmol). The ampoule was degassed with argon using 3 evacuate-refill cycles. After filling 
with argon, methyl alcohol (4 mL) and pyridine (0.113 mL, 1.2 mmol) were added to neutralize the 
hydrochloride salt. The mixture was sonicated for 3 min to get a homogeneous dispersion. Subsequently, 
1,3,5-trimethylbenzene (4 mL) solution of terephthaldehyde (TPA) (0.080 g, 0.6 mmol) and aqueous 
acetic acid (0.8 mL, 3M) were added. The ampoule was degassed through three freeze-vacuum-thaw 
cycles, flash frozen at 77 K (liquid N2 bath) evacuated to an internal pressure of 300 mTorr and flame 
sealed. The reaction was heated at 120 °C for 72 h without disturbing. The yielded brown precipitate 
was isolated by filtration and washed with acetone. The collected powder was then activated by solvent 
exchange with acetone for 24 h and dried at 80 °C under vacuum overnight to give a light brown power 
with 84% isolated yield. 
 
4.2.4 Synthesis of model compound 
 
 
Scheme 4.2 | Schematic illustration of synthetic route for 2,4,6-tris(((E)-benzylidene)amino)benzene-
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1,3,5-triol 
 
4.2.4.1 Synthesis of 2,4,6-tris(((E)-benzylidene)amino)benzene-1,3,5-triol (3) 
To a 250 mL Schlenk flask was added 1,3,5-triamino-2,4,6-benzenetriol trihydrochloride (0.560 g, 2 
mmol, 1 equiv). The flask was degassed with argon using 3 evacuate-refill cycles. After filling with 
argon, ethyl alcohol (20 mL) and pyridine (0.645 mL, 8 mmol, 4 equiv) were added to neutralize the 
hydrochloride salt. The mixture was sonicated for 3 min to get a homogeneous dispersion. Subsequently, 
benzaldehyde (0.711 mL, 7 mmol, 3.5 equiv) was added and the mixture was refluxed for 4 h. The 
resultant light-yellow precipitate was collected by hot filtration, washed with cold ethanol and dried 
under vacuum to give a yellow solid in 88.85% yield (0.773 g). 1H NMR (400 MHz, CDCl3) δ 9.53 (s, 
1H, OH), 7.87 (d, 2H, aromatic-H), 7.46 (m, 3H, aromatic-H); 13C NMR (100 MHz, CDCl3) δ 157.81, 
148.53, 137.59, 130.88, 128.88, 128.08, 113.87. 
 
 
Scheme 4.3 | Schematic illustration of synthetic route form 2,2'-diphenol(((1E,1'E)-1,4 
phenylenebis(methanylylidene))bis (azanylylidene)) 
 
4.2.4.2 Synthesis of 2,2'-diphenol(((1E,1'E)-1,4 phenylenebis(methanylylidene))bis 
(azanylylidene)) (4) 
To a 250 mL Schlenk flask was added terephthaldehyde (0.402 g, 3 mmol, 1 equiv), 2-Aminophenol 
(0.680 g, 6.2 mmol, 2.1 equiv). The flask was degassed with argon using 3 evacuate-refill cycles. After 
filling with argon, ethyl alcohol (20 mL) was added and the mixture was refluxed for 4 h. The resultant 
reddish brown precipitate was collected by hot filtration, washed with cold ethanol and dried under 
vacuum to give a reddish brown solid in 88.1 % yield (0.835 g). 1H NMR (400 MHz, Acetone-d6) δ 
8.93 (s, 1H, HC=N), 8.20 (s, 2H, aromatic-H), 8.12 (s, 1H, OH), 7.45 (d, 1H, aromatic-H), 7.21 (t, 1H, 
aromatic-H), 6.97 (d, 1H, aromatic-H), 6.91 (t, 1H, aromatic-H); 13C NMR (100 MHz, Acetone-d6) δ 
157.21, 152.78, 138.5, 136.38, 129.20, 128.74, 119.82, 117.01, 115.50. 
 
4.2.5 Physical characterization 
Fourier transform infrared (FT‑IR) spectra were recorded on a Perkin‑Elmer Spectrum 100 in 
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transmission with KBr pellets. Thermogravimetric analysis (TGA) measurements was conducted on a 
TA Q600 (TA Instrument). The samples were heated from room temperature to 900 °C under air and 
nitrogen atmosphere at a heating rate of 10 °C min−1. Powder X‑ray diffraction data were collected 
using a Rigaku D/Max 2500 rotating anode X‑ray powder diffractometer using Cu Kα radiation (λ = 
1.5406 Å) operated at 1600 W (40 kV, 40 mA) power and equipped with a position sensitive detector 
with at 10.0 mm radiation entrance slit. Samples were mounted on zero background sample holders by 
dropping powders from a spatula and then fixed the samples onto holders with a glass slit. Data were 
collected in the range of 2θ = 2 to 50° with a step size 0.02° and a scan speed of 1° min−1. Model 
structures for samples were generated in BIOVIA Materials Studio 7.0 (Accelrys Inc.) Pawley 
refinement was performed to optimize the lattice parameter iteratively. The Pseudo‑Voigt function was 
used for whole profile fitting and Berrar‑Baldinozzi function was used for asymmetry correction during 
the refinement processes until the Rp and Rwp values converge. SEM images were obtained by 
field‑emission scanning electron microscopy (FE‑SEM, FEI Nanonova 230) with accelerating voltage 
of 10 kV with a working distance of 5 mm equipped with an energy dispersive spectrometer. Samples 
were deposited onto a conductive carbon tape and treated through Pt sputtering before observation. 
Elemental analysis (EA) was conducted on a Thermo Scientific Flash 2000. The nitrogen sorption 
isotherms were recorded on a BELSORP‑max at 77 K in a pressure range from P/P0 = 10−6 to 0.99. 
Prior to the measurement of the sorption isotherm the samples were degassed for 24 h at 150 °C under 
high vacuum. For the evaluation of the surface area the Brunauer‑Emmett‑Teller (BET) model was 
applied between 0.005 and 0.05 P/P0. The calculations of the pore size distribution were performed 
using the nonlocal density functional theory (NLDFT) adsorption model with a carbon kernel for 
cylindrical pores.  
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4.3 Results and discussion 
4.3.1 Synthesis of imine-linked COF 
 
 
Scheme 4.4 | Strategy for preparing imine-linked COF. a, Schematic representation of the synthesis 
of the crystalline porous imine-linked COF (TATHB-TPA-imine) with extended triangular triamine and 
extended linear dialdehyde. b, Space filling diagram of TATHB-TPA-imine. Carbon, nitrogen, oxygen 
and hydrogen atoms are represented as grey, blue, red and white spheres, respectively.    
 
The corresponding TATHB-TPA-imine COF was obtained from 1,3,5-triamino-2,4,6-benzenetriol 
trihydrochloride (TATHB) and terephthaldehyde (TPA) by solvothermal synthesis in methyl alcohol 
and 1,3,5-trimethylbenzene at 120 °C for 3 days. (Scheme 4.2, see the experimental, 4.2.3.2) The COF 
is insoluble in water or common organic solvents, such as hexane, acetone, tetrahydrofuran and N-
methyl-2-pyrrolidone (NMP). It should be noted that the neutralization process is necessary for imine 
formation due to the hydrochloride salt in TATHB. (The rate of imine formation depends strongly on 
the pH. The reaction will be slow if not enough acid is present (that is, at high pH). On the other hand, 
if too much acid is present (low pH) the basic amine nucleophile is completely protonated, so the initial 
nucleophilic addition step can’t occur.)116 Indeed, hydrochloride salt of TATHB prohibits the rate of 
imine formation because the acidity is too strong. Therefore, the neutralization step is necessary before 
imine formation to run a reaction efficiently.  
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Table 4.1 | Synthesis of TATHB-TPA-imine under variable solvothermal conditions 
Name Condition 
Temperature 
(°C) 
Reaction 
time (day) 
Yield 
(%) 
BET surface 
area (cm3 g−1) 
TATHB-TPA-
4M4M 
Methanol (4 mL)/Mesitylene 
(4 mL)/ pyridine (0.11 
mL)/3M Acetic acid (0.8 mL)  
120 3 84.0 1581 
TATHB-TPA-
4M4M-1 
Methanol (4 mL)/Mesitylene 
(4 mL)/triethylamine (0.17 
mL)/3M Acetic acid (0.8 mL) 
120 3 80.9 1134 
TATHB-TPA-
4E4M 
Ethanol (4 mL)/Mesitylene (4 
mL)/pyridine (0.11 mL)/3M 
Acetic acid (0.8 mL) 
120 3 77.9 1061 
TATHB-TPA-
4B4O 
Butanol (4 mL)/ODCB (4 
mL)/pyridine (0.11 mL)/3M 
Acetic acid (0.8 mL) 
120 3 75.5 684 
 
 
Figure 4.1 | Optimization of imine-linked COF. a, FT-IR spectra of TATHB-TPA-imine synthesized 
at different solvent ratio. b, PXRD pattern of TATHB-TPA-imine synthesized at different solvent ratio. 
c, Nitrogen sorption isotherms of TATHB-TPA-imine. Solid and open circles represent the adsorption 
and desorption branches, respectively. 
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Optimal COF growth conditions were established by characterizing the effect of the types of 
neutralizer and solvent ratio. (Figure 4.1) At first, we compared the crystallinity by using triethylamine 
or pyridine as a neutralizer, respectively. As seen in Figure 4.1, adding pyridine (pKa = 4.7) as a 
neutralizer afforded a greater degree of crystallinity as well as increased surface area than adding 
triethylamine (pKa = 10). It indicates that pyridine is more suitable neutralizer for synthesis of imine-
linked COF. We then optimized the crystallinity by changing the solvent ratio. In the Fourier transform 
infrared (FT-IR) spectra, the obtained TATHB-TPA-imine displays similar characteristic peaks, 
indicating the formation of the imine linkages in the skeleton (Figure 4.1b). However, the 
polymerization conditions such as solubility strongly influence their crystallinity and specific surface 
area. For instance, solvent such as methanol/mesitylene and ethanol/mesitylene in the presence of 
aqueous acetic acid catalyst give crystalline polymers, while the obtained polymers exhibit a weak 
orderliness when the butanol/ODCB used as a reaction solvent (Figure 4.1a). Among the conditions, 
condensation reaction in mixture of methanol/mesitylene (1:1 v/v) produced crystalline TATHB-TPA-
imine with relatively high specific surface area of over 1580 m g−1. (Figure 4.1) These observations 
illustrate the importance of optimizing synthetic conditions for increased imine reversibility. 
 
4.3.2 Crystallinity 
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Figure 4.2 | PXRD pattern of imine-linked COF. a, Experimental (black line), Pawley-refined PXRD 
pattern (orange line), Bragg position (green dot), the difference plot (olive line), simulated with the AA-
staking model (red line) and AB-stacking model (blue line). b, Simulated unit cell structure of the AA-
stacking mode (C, grey; N, blue; O, red; H, white). c, Simulated unit cell structure of the AB-stacking 
mode (C, grey; N, blue; O, red; H, white; cyan, a further layer).   
 
The crystallinity of imine material was measured by powder X-ray diffraction (PXRD). The PXRD 
pattern of TATHB-TPA-imine shows an intensive reflection at 4.6° corresponding to the (100) plane. 
The reflection at 8.0, 9.3, 12.3 and 26.6 are attributed to the (110), (120), (200) and (001) planes, 
respectively (Figure 4.2a, inset). Extended structure based on a hexagonal lattice in the space group P6 
(No. 168) were modeled for TATHB-TPA-imine by using the Materials Studio software package. After 
a geometrical energy minimization by using the universal force field, the unit cell parameters and 
simulated PXRD patterns of TATHB-TPA-imine were obtained (a = b = 22.20 Å, c = 3.34 Å, α = β= 
90° and γ = 120°). The obtained powder pattern for TATHB-TPA-imine is in good agreement with the 
energetically most favorable AA-stacking model (Figure 4.2a, red line). On the other hand, the AB-
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stacking model gives an PXRD pattern that largely deviates from the experimentally observed profile. 
The Pawley-refined PXRD pattern (Figure 4.2a, orange dot) reproduces the experimentally observed 
curve with negligible differences (wRp = 2.96%, Rp = 4.67%) (Figure 4.2a, olive line). Table 4.2 
summarize the atomistic coordinates generated by Pawley refinements. As a result, the construction of 
COF shows an extended 2D hexagon lattice along the x and y directions (Scheme 4.4b, top view). The 
presence of the (001) plane at 26.7° suggests the structural ordering with 3.34 Å separation in the z axis 
perpendicular to the 2D lattice (Scheme 4.4b, side view). 
 
4.3.3 Structural characterization 
 
 
Figure 4.3 | FT-IR spectra of imine-linked COF.  
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Figure 4.4 | Morphologies of imine-linked COF. a-c, SEM images of TATHB-TPA-imine. d-f, 
Magnified SEM images of (a-c).  
 
 
Figure 4.5 | TGA thermograms of TATHB-TPA-imine. The samples were heated at 10 °C in a 
constant flow of nitrogen. 
 
The chemical structure of TATHB-TPA-imine was characterized by various analytical methods (see 
physical characterization 4.2.6) FT-IR revealed that the absorption at 1610 cm−1 assigned to the C=N 
stretching vibration band of the imine structure. The model compound also exhibited the C=N vibration 
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band at 1620 cm−1. Field-emission scanning electron microscopy (FE-SEM) micrographs of TATHB-
TPA-imine show spherical particles of ~10 µm in diameter that are encircled by thin rods. These thin 
rods are also composed of layered structure which the grain size of one layer is ~500 nm. 
Thermogravimetric analysis (TGA) indicates that TATHB-TPA-imine is stable up to 500 °C under 
nitrogen.  
 
4.3.4 Porosity 
 
Figure 4.6 | Porosity of imine-linked COF. a, Nitrogen sorption isotherms of TATHB-TPA-imine. 
Solid and open circles represent the adsorption and desorption branches, respectively. Inset is 
corresponding pore size distribution of TATHB-TPA-imine from fitting the NLDFT model to the 
adsorption data. b, Simulated BET surface area plot of TATHB-TPA-imine at 77 K using nitrogen as 
adsorbate. c, Nitrogen isotherm measured at 77 K used for NLDFT modeling and pore size distribution 
calculations. The calculated NLDFT isotherm (cylindrical pore model) is overlaid as open square and 
fitting error indicated. 
 
Permanent porosity of the materials was confirmed by N2 sorption at 77 K (Figure 4.6). The sorption 
curve of the TATHB-TPA-imine is classified as typical type Ⅰ isotherm characterized by a sharp uptake 
under low relative pressures in the range of P/P0 = 0.005-0.05 (Figure 4.6a), a signature feature of 
microporous materials. The lack of hysteresis indicates that permanent microporous nature of imine-
linked COF.117 The BET surface area and pore volume were estimated to be 1581 m2 g−1 and 0.75 cm3 
g−1 (P/P0 = 0.99), respectively (Figure 4.6b). On the basis of nonlocal density-functional theory 
calculation from the sorption curve, the pore size of TATHB-TPA-imine was estimated to be 1.74 nm 
(inset in Figure 4.6a) with a low fitting error (Figure 4.6c), which is very good agreement with the 
theoretical pore size (1.75 nm, see Scheme 4.4). 
 
4.4 Conclusion 
In summary, a 2D imine-linked covalent organic framework (TATHB-TPA-imine) was successfully 
designed and synthesized under mild conditions. The new COF has excellent crystallinity and porosity 
with a high BET surface area of over 1500 m2 g−1 and a relative small pore size. Currently, the design 
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and construction of new functionalized COFs for energy and catalyst related applications are 
undergoing in our laboratory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 63 
Chapter 5 BENZOTHIAZOLE-BASED CRYSTALLINE POLYIMIDE COVALENT ORGANIC 
FRAMEWORK  
 
5.1 Introduction 
The chemistry of making molecular building blocks by covalent bond into extended structure, which is 
one of the oldest methodology in the field of material science, has yielded hyperbranched polymer as 
well as linear analogues.118 Hyperbranched polymers are synthesized in a highly conjugated and porous 
form, thus it could be exploited in potential applications including gas storage and separations. However, 
they typically generate amorphous, disordered structure, which is difficult to ascertain the precise 
structure.25  
Covalent organic frameworks (COFs) are a new class of crystalline polymers that the long-range 
ordered network is composed of covalent bond. Since the pioneering work in 2005, several types of 
COFs have been well documented.20,21,24 The challenge in controlling crystallinity of COFs is the degree 
of chemical reversibility of linkage during polymerization; otherwise, amorphous hyperbranched 
polymers are obtained. Such linkages are limited in only a few organic reaction, including boronic acid 
trimerization, boronate ester formation, Schiff base reaction and nitrile trimerization.49 Recently, Fang 
and coworkers demonstrated imide-linked COF via condensation polymerization of aromatic amines 
with anhydrides in mixed solvent such as N-methyl-2-pyrrolidone (NMP)/mesitylene mixture.119,120 
Aromatic polyimides are well known as an engineering polymers due to their excellent thermal and 
chemical stability. While many hyperbranched aromatic polyimide possessing amorphous structure and 
microporosity have been reported so far, there are a few crystalline imide-linked COFs made by a 
limited building block.121,122,123 Therefore, the ability to develop strategies for controlling reaction is a 
challenge to enhance the degree of chemical reversibility in imide-linked COFs. 
Here, we present a design and synthesis of new two-dimensional (2D) crystalline imide-linked COF 
(denoted as TBT-PMDA-COF). Benzothiazole-contained imide-linked COF is utilized via reversible 
amic acid reaction subsequent to chemical imidization. The imide-linked COF shows good crystallinity 
and mesoporosity. Also, it exhibits good thermal and chemical stability.  
 
5.2 Experimental 
5.2.1 Materials 
Unless stated otherwise, all reactions were performed in oven dried glassware under ambient 
atmosphere. 1,3,5-Triaminobenzene and 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-d'']tris(thiazole) were 
synthesized according to published methods, respectively.124,125,126 Pyromellitic dianhydride (PMDA) 
was purchased from Alfa Aesar and purified via sublimation at 180 °C (200 mtorr). N-methyl-2-
pyrrolidone (NMP), 1,2-dichlorobenzene (ODCB), 3,5-dinitrobenzoic acid, potassium carbonate 
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(K2CO3) were purchased from Alfa Aesar. 1,3,5-Trimethylbenzene and isoquinoline was purchased 
from TCI Chemical. Palladium on carbon (10wt%), sodium azide and oleum were purchased from 
Sigma-Aldrich. Concentrated sulfuric acid, chloroform, ethyl acetate, celite and methanol were 
purchased from Samchun chemicals. Bromine was purchased from Junsei. 
 
5.2.2 Synthesis of 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-d'']tris(thiazole) 
 
Scheme 5.1 | Schematic illustration of synthetic route for 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-
d'']tris(thiazole) (TBT)  
 
5.2.2.1 3,5-dinitroaniline (1)127,128 
A solution of 3,5-dinitrobenzoic acid (50 g, 0.23 mol) in a mixture of 20% oleum (80 mL) and 
concentrated sulfuric acid (5 mL) was prepared in a three-neck round bottom flask equipped with reflux 
condenser. After stirring for 10 min., chloroform (160 mL) was added and the temperature was raised 
to 35 °C. With rapid stirring, sodium azide (17.6 g, 0.27 mol) was added in small portions, maintaining 
the temperature at 35-45 °C. Reaction was accompanied by foaming, and be sure not to add at the start 
until nuclei of white foam had disappeared. After all the sodium azide had been added, the mixture was 
heated to 80 °C for 4 hr. The resultant red solution was cooled to r.t., poured onto ice (1000 g). After 
standing for at least 10 min., the fine yellow precipitate was separated by filtration, washed thoroughly 
with cold water. The yellow crystalline solid was vacuum dried at 50 °C to afford 3,5-dinitroanilne 
(40.75 g, 94.4%). m.p. 162-163 °C(lit.); 1H NMR (400 MHz, DMSO-d6) δ 7.87 (t, 1H, aromatic-H) 
7.72 (d, 2H aromatic-H), 6.51 (br s, 2H, NH2); 13C NMR (100 MHz, DMSO-d6) δ 151.15 (Ar1-C), 
148.77 (Ar3,5-C), 112.34 (Ar2,6-C), 103.67 (Ar4-C). 
 
5.2.2.2 1,3,5-triaminobenzene (2)126 
A batch reaction vessel (Parr Co.) was charged with 3,5-dinitroaniline (1.83 g, 0.01 mol) containing 10% 
Pd/C (0.06 g), and degassed ethyl acetate (80 mL). The hydrogenation was carried at r.t. and a hydrogen 
pressure of 60 psi for 72 hr, then the catalyst was filtered off on pad of Celite. After the filtrate was 
stored in freezer for 3 hr, the colorless precipitate was isolated by filtration and washed with cold ethyl 
acetate. The solid was dried at r.t. under vacuum over P2O5 for 24 hr to provide 1,3,5-triaminobenzene 
as a pink needle. Purification of 1,3,5-triaminobenzene was performed by vacuum sublimation at 100 °C, 
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10 mtorr. The resultant white powder was stored under nitrogen atmosphere because of the instability 
in oxygen. (0.95 g, 76.9%). m.p. 120 °C (dec.); 1H NMR (400 MHz, DMSO-d6) δ 5.14 (s, 1H, aromatic-
H), 4.31 (s, 2H, NH2); 13C NMR (100 MHz, DMSO-d6) δ 149.33 (Ar1,3,5-C), 90.83 (Ar2,4,6-C). 
 
5.2.2.3 1,3,5-triamino-2,4,6-trithiocyanatobenzene (3)124 
A three-neck round-bottom flask was charged with ammonium thiocyanate (13.70 g, 0.18 mol) and 
1,3,5-triaminobenzene (3.69 g, 0.03 mol) in degassed methanol (100 mL). The resulting solution was 
maintained under a positive pressure of argon for the duration of the reaction. The reaction mixture was 
cooled in an ice bath, and a solution of 4.62 mL (0.09 mmol) of bromine in 20 mL of degassed methanol 
was added dropwise with stirring to the reaction vessel at a rate. A reddish precipitate was observed to 
form as the addition progressed. The reaction mixture was stirred in the ice bath for an additional 2 hr 
and then diluted with 200 mL of 10 % (v/v) K2CO3 solution. After 5 min, the off-white precipitate was 
collected by vacuum filtration and washed with H2O. The yield of the off-white crude was 7.06 g (80%). 
The crude product was recrystallized from acetonitrile and dried under vacuum. The yield of off-white 
crystals was 6.44 g (73%). m.p. 227°C (dec.); 1H NMR (400 MHz, DMSO-d6) δ 6.73 (s, NH2); 13C 
NMR (100 MHz, DMSO-d6) δ 156.26 (Ar1,3,5-C), 111.70 (SCN) 74.45 (Ar2,4,6-C). IR (KBr pellet): ν 
(cm−1) 3472, 3354, 3198, 2155 (S-C≡N), 1604, 1524, 1434, 750. Anal. Calcd. for C9H6N6S3: C, 36.72; 
H, 2.05; N, 28.55; S, 32.67; Found: C, 36.38; H, 2.05; N, 29.19; S, 32.38%. 
 
5.2.2.4 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-d'']tris(thiazole) (TBT) (4)125 
A round-bottom flask was charged with 1,3,5-triamino-2,4,6-trithiocyanatobenzene (1 g, 3.39 mmol) in 
50 mL of concentrated HCl in nitrogen atmosphere. The reaction mixture was changed to off-white 
slurry after 10 min. and it was stirred for 30 min. at r.t while monitoring with TLC. The resultant 
yellowish solid was diluted with 500 ml of cold water, separated by filtration and washed with hot water 
until yellow precipitant was removed. The light pink solid was treated with 1 M NH4OH to neutralize 
the salt. The off-white solid is collected by filtration, washed with water and vacuum dried to provide 
0.806 g (80.6%) of 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-d'']tris(thiazole) as an off-white solid. 1H NMR 
(400 MHz, DMSO-d6) δ 7.56 (br s, NH2); 13C NMR (100 MHz, DMSO-d6) δ 167.24 (Ar2,5,8-C), 143.98 
(Ar1,4,7-C) 111.59 (Ar3,6,9-C). IR (KBr pellet): ν (cm−1) 3315, 3190 1626, 1528, 1384, 1316.  
 
5.2.3 Synthesis of TBT-PMDA-COF 
5.2.3.1 General synthetic procedures 
Transfer of all reagents was performed in an ambient air atmosphere with no precautions taken to 
exclude oxygen or atmospheric moisture. Pyrex glass ampoule charged with reagents and freeze-
vacuum-thaw cycle with LN2 were evacuated using a Schlenk line by fitting the short length of standard 
 66 
butyl rubber horse and further affixed to a ground glass tap and another short length of standard butyl 
rubber horse which could be closed to isolate this assembly from the dynamic vacuum when the desired 
internal pressure was reached. Ampoule was then sealed under this desired vacuum using a propane 
torch.24 
 
5.2.3.2 TBT-PMDA-COF 
A 50 mL pyrex tube was charged with TBT (0.117 g, 0.4 mmol) and PMDA (0.1309 g, 0.6 mmol) in a 
solution of NMP/ODCB (5 mL, 3/7 by vol.), and the mixture was sonicated for two minutes. After 
adding isoquinoline (0.1 mL) as catalyst, the tube was degassed through the freeze-vacuum-thaw cycles, 
flame sealed under vacuum and heated at 180 °C for 5 days. The mixture was cooled to room 
temperature and the precipitate was isolated by filtration over a medium glass frit and washed with 
acetone for several times. The product was immersed in acetone for 24 h, then the solvent was removed 
under vacuum at 80 °C to afford TBT-PMDA-COF as an orange powder (0.208 g, 91.6%). 
 
5.2.4 Physical characterization 
Fourier transform infrared (FT‑IR) spectra were recorded on a Perkin‑Elmer Spectrum 100 in 
transmission with KBr pellets. Thermogravimetric analysis (TGA) measurements was conducted on a 
TA Q600 (TA Instrument). The samples were heated from room temperature to 900 °C under air and 
nitrogen atmosphere at a heating rate of 10 °C min−1. Powder X‑ray diffraction data were collected 
using a Rigaku D/Max 2500 rotating anode X‑ray powder diffractometer using Cu Kα radiation (λ = 
1.5406 Å) operated at 1600 W (40 kV, 40 mA) power and equipped with a position sensitive detector 
with at 6.0 mm radiation entrance slit. Samples were mounted on zero background sample holders by 
dropping powders from a spatula and then fixed the samples onto holders with a glass slit. Data were 
collected in the range of 2θ = 2 to 50° with a step size 0.02° and a scan speed of 1° min−1. Model 
structures for samples were generated in BIOVIA Materials Studio 7.0 (Accelrys Inc.) Pawley 
refinement was performed to optimize the lattice parameter iteratively. The Pseudo‑Voigt function was 
used for whole profile fitting and Berrar‑Baldinozzi function was used for asymmetry correction during 
the refinement processes until the Rp and Rwp values converge. SEM images were obtained by 
field‑emission scanning electron microscopy (FE‑SEM, FEI Nanonova 230) with accelerating voltage 
of 10 kV with a working distance of 5 mm equipped with an energy dispersive spectrometer. Samples 
were deposited onto a conductive carbon tape and treated through Pt sputtering before observation. 
Elemental analysis (EA) was conducted on a Thermo Scientific Flash 2000. The nitrogen sorption 
isotherms were recorded on a BELSORP‑max at 77 K in a pressure range from P/P0 = 0.0001 to 0.99. 
Prior to the measurement of the sorption isotherm the samples were degassed for 24 h at 150 °C under 
high vacuum. For the evaluation of the surface area the Brunauer‑Emmett‑Teller (BET) model was 
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applied between 0.06 and 0.16 P/P0. The calculations of the pore size distribution were performed using 
the nonlocal density functional theory (NLDFT) adsorption model with a carbon kernel for cylindrical 
pores.  
 
5.3 Results and discussions 
5.3.1 Design of imide-linked COFs 
Inspired by the success of imide-linked COFs by previous reports,119,120 whose linkages are composed 
of aromatic triamine or tetramine building blocks and dianhydride building units, we identified 
benzothiazole contained triamine as an attractive target for the imidization. Benzothiazole itself is a 
rigid and has aromaticity, hence making amine more stable than other typical aromatic triamine. On the 
basis of imidization.129 the C2-symmetric linear building block, pyromellitic dianhydride (PMDA), 
reacts with the C3-symmetric triangular building block 2,5,8-triaminobenzo[1,2-d:3,4-d':5,6-
d'']tris(thiazole) (TBT) to produce the extended 2D porous imide-linked COF, TBT-PMDA-COF 
(scheme 5.2).  
 
 
Scheme 5.2 | Strategy for preparing imide-linked COF. a, Schematic representation of the synthesis 
of the crystalline porous imide-linked COF (TBT-PMDA-COF) with extended triangular triamine and 
extended linear dianhydride. b, Space filling diagram of TBT-PMDA-COF. Carbon, nitrogen, oxygen, 
sulfur and hydrogen atoms are represented as grey, blue, red, yellow and white spheres, respectively.    
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5.3.2 Synthesis and structural characterization of imide-linked COFs 
Specifically, TBT-PMDA-COF was synthesized by reacting TBT and PMDA in mixed solution of N-
methyl-2-pyrrolidone (NMP), 1,2-dichlorobenzene (ODCB) and isoquinoline followed by heating at 
180 °C for 5 days, giving crystalline solid at yields of 80%. The resultant product was insoluble in water 
and common organic solvents including acetone, THF, DMF and m-cresol.  
 
 
Scheme 5.3 | Mechanism of imide linkage. Schematic representation of the synthesis of imide linkage 
by two-step imidization.  
 
Typically, the most common method for synthesis of polyimide is “two-step” method, including 
formation of poly(amic acid) intermediate via a reaction of amine with anhydride before cyclizing to 
imide linkage. The formation of poly(amic acid) is reversible reaction. However, the rate of forward 
reaction is several orders of magnitude larger than the backward reaction, thus strategy for rate control 
of poly(amic acid) formation must be considered to improve the crystallinity(scheme 5.3). Such low 
degree of reversibility of amic acid reaction hinder the preparation of crystalline imide-linked COF 
compared to other types of reported COFs. To enhance the crystallinity, we optimized the reaction by 
changing some parameters such as the ratio of the mixed solvents, using isoquinoline as catalyst for 
imidization. The mixed solvent used here (NMP and ODCB) controls the solubility of the monomers. 
Especially, the nonpolar solvent acts as an azeotroping solvent, which enables to remove the water 
formed during the reaction and drive the reaction to completion.130 Furthermore, isoquinoline promote 
the speed of imidization in solution.  
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Table 5.1 | Synthesis of TBT-PMDA-COF under variable solvothermal conditions 
Name Condition 
Temperature 
(°C) 
Reaction 
time (day) 
Yield (%) 
TBT-PMDA-
1.5N3.5O 
NMP (1.5 mL)/ODCB (3.5 
mL)/isoquinoline (0.1 mL) 
180 5 91.6 
TBT-PMDA-2N3O 
NMP (2 mL)/ODCB (3 
mL)/isoquinoline (0.1 mL) 
180 5 63.9 
TBT-PMDA-1N4O 
NMP (1 mL)/ODCB (4 
mL)/isoquinoline (0.1 mL) 
180 5 102.2 
 
 
Figure 5.1 | Optimization of imide-linked COF. a, FT-IR spectra of TBT-PMDA-COF synthesized at 
different solvent ratio. b, PXRD pattern of TBT-PMDA-COF synthesized at different solvent ratio.  
 
According to our experimental experience, crystallinity is highly depending on the ratio of solvent. 
As seen in Figure 5.1a, the obtained TBT-PMDA-COF displays similar characteristic peaks in the 
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Fourier transform infrared (FT-IR) spectra, indicating the formation of the imide linkages in the skeleton. 
However, the polymerization conditions such as solubility strongly influence their crystallinity. As 
increasing amount of nonpolar solvent, an orderliness was confirmed by PXRD, while other obtained 
polymers exhibit lack of crystallinity (Figure 5.1b). These observations illustrate the importance of 
optimizing synthetic conditions for increased imide reversibility. 
 
 
Figure 5.2 | FT-IR spectra of imide-linked COF. Full FT-IR spectra (KBr pellets) (left); magnification 
of the fingerprint region between 1100 cm−1 and 1950 cm−1 showing the signals of the characteristic 
C=O stretching vibration and C‒N-C stretching vibration (right). 
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Figure 5.3 | Morphologies of imide-linked COF. a-c, SEM images of TBT-PMDA-COF. Scale bars 
are 5 μm. d-f, Magnification of SEM images. Scale bars are 1 μm. 
 
 
Figure 5.4 | TGA thermograms of TBT-PMDA-COF. The samples were heated at 10 °C min−1 in a 
constant flow of nitrogen. 
 
Progress of the imidization reaction was monitored by FT-IR spectroscopy (Figure 5.2). Absorptions 
at 1790 and 1740 cm−1 for TBT-PMDA-COF are assigned to asymmetric and symmetric stretching 
vibrations, respectively, of C=O groups of the imide moieties.129 Compared with the signals for carbonyl 
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of the reactant dianhydride, those of the TBT-PMDA-COF shift toward lower wavenumber, which 
indicates the formation of polyimide backbone. The absorption at 1325 cm−1 for TBT-PMDA-COF are 
attributed to the stretching vibration of C-N-C moieties, manifests the generation of the five-membered 
rings.123 No bands corresponding to the starting monomers (amine around 3300 cm−1 and anhydride 
around 1780 and 1860 cm−1) or amic acid (amide around 1650) appeared, demonstrating that the 
resultant COF composed of fully imidized network. Field-emission scanning electron microscopy (FE-
SEM) micrographs of TBT-PMDA-COF show spherical particles of ~4 µm in diameter that are 
agglomerated by microcrystallities of ~50 nm. No other structures were observed from SEM images 
taken through the material. (Figure 5.3) Similar to amorphous porous PIs, TBT-PMDA-COF also 
exhibited high thermal stability as determined by thermogravimetric analysis (TGA), up to 500 °C under 
nitrogen (Figure 5.4). 
 
5.3.3 Crystallinity of imide-linked COF 
 
Figure 5.5 | PXRD pattern of imide-linked COF. a, Experimental (black line), Pawley-refined PXRD 
pattern (orange line), Bragg position (green dot), the difference plot (olive line), simulated with the AA-
staking model (red line) and AB-stacking model (blue line). b, Simulated unit cell structure of the AA-
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stacking mode (C, grey; N, blue; O, red; S, yellow; H, white). c, Simulated unit cell structure of the AB-
stacking mode (C, grey; N, blue; O, red; S, yellow; H, white; cyan, a further layer).   
 
The crystallinity of TBT-PMDA-COF was measured by powder X-ray diffraction (PXRD) (Figure 5.5). 
Extended structure based on a hexagonal lattice in the space group P6/M (No. 175) were modeled for 
TBT-PMDA-COF by using the Materials Studio software package. After a geometrical energy 
minimization by using the universal force field, the unit cell parameters and simulated PXRD patterns 
of TBT-PMDA- COF were obtained (a = b = 27.32 Å, c = 3.421 Å). The obtained powder pattern for 
TBT-PMDA-COF is in good agreement with the expected imide-linked structure. Furthermore, full 
profile pattern matching (Pawley) refinements were carried out on the experimental PXRD patterns. 
Peaks at 3.56 and 6.28° for TBT-PMDA-COF correspond to the (100) and (110) Bragg peaks of 
hexagonal lattice. The refinement results yield unit cell parameters nearly equivalent to the predictions 
with good agreement factors (a = b = 27.32 Å, c = 6.842 Å, α = β = 90° and γ = 120°, wRp = 9.35%, Rp 
= 5.50%). We also considered alternative structures wherein adjacent sheets are staggered based on the 
space group of P63/M (no.176). For the staggered structures, the simulated PXRD patterns did not 
match the experimental data. 
 
5.3.4 Porosity of imide-linked COF 
 
Figure 5.6 | Porosity of imide-linked COF. a, Nitrogen sorption isotherms of TBT-PMDA-COF. Solid 
and open circles represent the adsorption and desorption branches, respectively. Inset is corresponding 
pore size distribution of TBT-PMDA-COF from fitting the NLDFT model to the adsorption data. b, 
Simulated BET surface area plot of TBT-PMDA-COF at 77 K using nitrogen as adsorbate. c, Nitrogen 
isotherm measured at 77 K used for NLDFT modeling and pore size distribution calculations. The 
calculated NLDFT isotherm (cylindrical pore model) is overlaid as open square and fitting error 
indicated. 
 
The permanent porosity of the TBT-PMDA-COF was determined by measuring N2 adsorption at 77 K, 
revealing reversible type-IV isotherms with a sharp uptake below P/P0 = 0.05 (Figure 5.6a). The 
significant adsorption at low pressure supports the presence of micropores (pore size less than 2 nm), 
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whereas the step observed at P/P0 = 0.05–0.20 indicates pore condensation in mesopores (pore size 
between 2 and 50 nm) with a narrow distribution. The absence of hysteresis during desorption is a 
common feature of materials containing hexagonally aligned 1D mesopores. Pore size distributions of 
TBT-PMDA-COF were calculated on the basis of nonlocal density functional theory (NLDFT). The 
pore size of TBT-PMDA-COF was estimated to be 2.16 nm (Figure 5.6a, inset) with a low fitting error 
(Figure 5.6c), which is good agreement with the theoretical pore size (2.20 nm, see Scheme 5.2). The 
Brunauer-Emmett-Teller (BET) model was applied over the 0.06 < P/P0 < 0.16 range of the isotherm, 
yielding BET surface areas of 142 m2 g−1 with total pore volume of 0.27 cm3 g−1 (P/P0 = 0.98, Figure 
5.6b) 
 
5.3.5 Chemical stability of imide-linked COF 
 
Figure 5.7 | Chemical stability of imide-linked COF. a,b, (a) PXRD patterns and (b) Full IR spectra 
showing retention of crystallinity of TBT-PMDA-COF after treatment for 24 h in different chemical 
conditions. 
  
 To investigate the chemical stability of TBT-PMDA-COF, we dispersed samples for 24 h in various 
solvents, including aqueous HCl (12 M) and aqueous NaOH (1 M) solutions (Figure 5.7). Under a harsh 
condition of a strong acid (12 M HCl), the TBT-PMDA-COF retains its crystallinity and imide linkage, 
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while remaining material is rendered amorphous and hydrolyzed into amic acid linkage under basic 
conditions (1 M NaOH). 
 
5.4 Conclusion 
We have demonstrated the synthesis of imide-linked COF under in-situ imidization reaction. The imide-
linked COF shows both crystallinity and permanent porosity. This material also exhibits thermal and 
chemical stability in acidic media. The imide-linked COF prepared in this work may provide a 
promising energy-storage system as a cathode material for Li-ion batteries. 
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Chapter 6 Conclusion 
In this thesis the synthesis and modification of 2D layered materials was investigated to enhance its 
processability for practical applications. Preparation of various 2D layered materials such as graphene 
nanoplatelets and covalent organic frameworks have been studied based on two synthetic standpoints, 
including top-down and bottom-up approaches. 
In chapter 2 and 3, I demonstrated postsynthetic modification of graphite into graphene nanoplatelets 
via solvent-free Diels-Alder reaction. The solvent-free Diels-Alder reaction of pristine graphite enables 
to functionalize dienophiles especially at the edge of graphite. Also, this top-down approach can employ 
exfoliation of graphite into graphene nanoplatelets by dispersing them into common organic solvent. 
The organic functionality acts as a stabilizer of solvent-dispersed graphene nanoplatelets, which finally 
hinders to reaggregate them in solution to get a better processability. Moreover, chemical properties of 
graphene nanoplatelets can be tailored depending on the dienophiles. For example, maleic anhydride 
functionalized graphene nanoplatelets denoted as MA-GnP or MAG exhibited better dispersibility in 
polar organic solvent than maleimide functionalized graphene nanoplatelets denoted as MI-GnP or MIG, 
due to the carboxylic acid group at the MA-GnP and MAG. To demonstrate the reactivity depending on 
synthetic approaches, two approaches were selected. The one is Diels-Alder reaction of graphite via 
mechanochemical approach which described in chapter 2, the other is solvothermal approach discussed 
in chapter 3. The resultant product made by mechanochemical approach has higher degree of 
functionalization than the other one produced by solvothermal approach, hence mechanochemical 
approaches is more powerful than solvothermal approaches in graphene chemistry.  
In chapter 4, I demonstrated synthesis and presynthetic modification of imine-linked COF with high 
crystallinity and porosity. To improve the reactivity of COF, I designed small-pore crystalline COF 
using specific triamine building block including hydroxy groups. The resultant imine-linked COF 
showed high crystallinity and microporosity, and it exhibited high thermal stability. To improve the 
chemical stability of COF, I studied synthesis of imide-linked COF in chapter 5. Because of the 
irreversible second step imidization, the imide-linked COF showed high thermal stability and chemical 
stability along with the 1D polyimide analogues. Also, imide-linked COF exhibited good crystallinity 
and mesoporosity. 
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